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Abstract. 
Using a comparative study, this research investigates the foundation for phosphorus (P) 
recycling (and reuse in agriculture) in two Danish urban areas (Copenhagen, and 
Roskilde), via selected nutrient recycling stakeholders (Wastewater Treatment Plants - 
WWTP). The Sewage treatment works (STW) chosen for the study are Avedøre WWTP 
(Copenhagen) operated by BIOFOS A/S, and Bjergmarken WWTP (Roskilde) operated 
by Forsyning Roskilde A/S. The STW selected for the study were chosen due to the 
timespan available for the master thesis research, and the consideration of other 
stakeholders involved in the phosphorus recycling agenda. The results show that 
phosphorus recycling is proactively being pursued in Roskilde, compared to 
Copenhagen. Avedøre WWTP incinerates sewage sludge (containing the p), and the 
resulting ash is deposited on site within their facility while the Bjergmarken WWTP 
recycles phosphorus via drying and pelletizing sewage sludge. Pelletized sludge is 
distributed to farmers, inherently contributing to the nutrients available for their 
agricultural activities. Momentarily, the STWs are enhanced for sanitation but not 
optimized for nutrient recycling, and there is a growing call for a shift in wastewater 
treatment paradigm (from the conventional sanitation model to a sanitation and recovery 
model). A potentially promising option for phosphorus recycling optimization within the 
STW could be achieved through controlled struvite precipitation. Struvite (magnesium-
ammonium-phosphate hexahydrate - Mg·NH4·PO4· 6H2O) can be precipitated with the 
supernatant liquor from the sludge dewatering centrifuge, using a supplementary 
addition of magnesium. Also, sludge gasification produces a residue that can be used 
for agricultural purposes. Furthermore, decentralized phosphorus recycling alternatives 
are feasible, and can be achieved through urine separation at the source for direct use 
or struvite precipitation. This dissertation also reflects swiftly, and theoretically, on the 
possibility of technology knowledge transfer (centralized and decentralized nutrient 
recovery) to a sub-Saharan African country case study (Wupa WWTP) in Abuja. 
 
Keywords: Phosphorus, Wastewater Treatment, Struvite, Urine, Recycling, Agriculture, 
Technology transfer, Denmark, Nigeria.
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1. Introduction. 
Simply put, future food security requires a phosphorus-secured future, and phosphorus 
(P) has no substitute or replacement in today’s agricultural food production. Historically, 
food crop production was done using nature’s balance of P in the soil, and later on, this 
process was complemented with the addition of locally available organic substance like 
animal, and human faeces (Marald, 1998; in Cordell et. al., 2011b). As the population 
grew rapidly over the 20th century, demand for food naturally followed suit. Eventually, 
the locally available organic substance was replaced with other P-rich matters (first it 
was guano (bird excrement deposited over previous millennia), and then rock 
phosphate) as a source of nutrients for food crops (Brink, 1977; Smil 2000b; in Cordell 
et. al., 2009a).  
 
Figure 1. Timeline: Source of phosphorus (P) fertilizer from 1800 to the year 2000 
(Cordell and White, 2014). Mt: Megaton, a: Annum.  
 
It is conspicuous that the use of mined phosphate rocks spiked in the 1940s and has 
been on the increase. Today, the global level of food production could not be 
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maintained without application of processed mineral fertilizers, and the global mineral 
fertilizer producers rely on mined phosphate rocks, combined with sulphuric acid, 
potassium, and nitrogen for the production of mineral fertilizers (Cordell et. al., 2009a). 
Considering that 90% of global demand for rock phosphate is for food production, this 
explicitly implies that humanity is entirely dependent on phosphate rock, and life can 
only increase until all the phosphate rock is gone. Given the United Nations projection of 
world population to reach 9.7 billion (from its current 7.3 billion) by the year 2050, the 
necessity of securing P for future food security cannot be overemphasized. Even more, 
phosphate rock (the main source of P for fertilizer production) is a non-renewable 
resource, and the geological experts have estimated that the world’s reserve could be 
depleted within 50 - 100 years (Cordell et. al., 2009a). There will be a shortage of P for 
mineral fertilizer production shortly if the current trend of dependence on phosphate 
rocks persists. With the current rate of population growth, there is a constant demand 
for food and fertilizers. The annual demand for fertilizer nutrients is estimated to 
increase at a rate of 2% per annum, from 2011 to 2015, with two-thirds of the demand 
coming from Africa and Asia (FAO, 2011). The Food and Agriculture Organization 
(FAO) projects that by the year 2050, agricultural food production will require an 
increase in output of up to 70% (FAO, 2011). Currently, over 800 million people do not 
have access to food, and 40% of Africans cannot secure food on a daily basis. 
Paradoxically, the African continent is the global largest exporter of phosphate rocks 
while simultaneously the continent with the greatest food shortage challenge (FAO, 
2006a). The agricultural soils in Europe and North America do not require an increase in 
fertilizer nutrients because there has been a generous application of high-quality P and 
nitrogen fertilizers over the past 50 years, and a critical level of P has been reached 
(Cordell et. al., 2009a). However, in emerging economies (in Africa and Asia), there is a 
steady demand for soil nutrients. Particularly, in Sub-Saharan Africa, the agricultural 
soils are nutrient-deficient, and fertilizer application rates are the lowest in the region, 
where 30% of the population is malnourished (Cordell et. al., 2009a). Fertilizers is a 
need for all farmers, despite its necessity, a sixth of the world’s farming families are too 
poor to access fertilizer markets (Cordell and White, 2014).  
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Another factor that affects global food production is the volatility of the cost of mineral 
fertilizers. Between 2007 and 2008, there was a 700% increase in the price of mineral 
fertilizers within a 14 months period - this was the result of demand exceeding supply.  
The price increase was to factors including (i.) an increase in dairy and meat-based 
diets in countries like China and India and (ii.) an extension of biofuel production 
(Cordell et. al., 2009a).  
 
 
 
 
 
 
 
 
 
 
 
Figure 2: US dollar price graph of fertilizer (diammonium phosphate). Source: World 
Bank, via IndexMundi.  
 
Demand for P in the electric-car battery manufacturing industry is another factor of 
consideration for the future of P security. Lithium Iron Phosphate batteries 
(rechargeable batteries) contain phosphates amounting to 60 kg of P per battery. Of the 
21 ± 4 megatons of P in phosphate rock mined each year, 18 ± 3.5 megatons of it are 
used in the fertilizer industry, and 3 ± 0.6 Mt of P is used in industrial applications 
(Cordell and White, 2014). Besides competition for grains and productive land, the 
biofuel industry (ethanol production) also competes with food production for P fertilizers, 
thanks to climate change and the growing concern about the effect of fossil fuel. The 
implications of P scarcity can be detrimental, for example in India in 2008, a stampede 
occurred when farmers rushed to collect subsidized fertilizers sold by the authorities; 
this led to the death of a farmer and consequently sparked a riot (Bombay News, 2008). 
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Although the brief crisis, as in the case of India, is not a direct result of long-term 
scarcity challenges, this incident can be seen as the handwriting on the wall of what is 
to come. The future of food security faces a challenge of phosphate rock scarcity. The 
exact time when phosphate rock mining will peak (when demand exceeds the supply) 
globally is uncertain, and still a debate among scientists (Cordell and White, 2011). The 
estimated year of depletion ranges from the year 2050 (Tweeten, 1989) to between the 
year 2310 and 2410 (Van Kuawenbergh, 2010). Nevertheless, there is a consensus on 
the recognition that (i.) the current quality of mined phosphate rock is declining (all the 
purer quality have been used up); (ii.) access to deposits is tougher; (iii.) there is an 
increase in cost of mining and energy; and (iv.) mining waste is increasing. Thus, peak 
P will occur in this century between 2035 and 2075 (Cordell and White, 2014). The 
geopolitics of phosphate rock is another argument in the P scarcity debate. 
Understanding that all farmers need P, yet, four countries (Morocco, China, South 
Africa, and the United States of America) control 85% of the world remaining phosphate 
rocks reserves (Cordell and White, 2014).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3: World Phosphate rock reserve. (Source: World Resources Forum, 2015). 
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Morocco alone controls 74% of the world's reserve (Cordell and White, 2014). 
Morocco’s production of phosphate rock is also controversial because 10% of its 
production comes from Western Sahara (a region that it currently occupies illegally, 
against the United Nations resolution). Morocco’s control and ownership of Western 
Sahara (and its phosphate rock deposits) are contrary to UN resolutions, contested by 
the independence movement (Polisario Front), and not recognized by any African 
nation. This geopolitical situation presents both a risk to supply disruption and concerns 
over ongoing human rights abuses that importing companies, countries, farmers, and 
food consumers are knowingly or unknowingly supporting. Many Scandinavian 
companies have now divested from businesses that import phosphate rock from the 
occupied Western Sahara region (Cordell, and White, 2014). 
  
The solution to achieving a P-secure future, and feeding the increasing population is 
complex and involves multiple factors. Innovating industries, continuous research of P 
recovery practices and technologies that are socially and scientifically credible, 
significant stimulation and support of context-specific initiatives by policy-makers, and 
giving food consumers the economic opportunities to choose between sustainable and 
healthy diets without having to pay a premium (Cordell et al., 2011). This study leans 
towards the angle of P recycling in the argument for a P-secure future. Although there is 
no single-solution approach for achieving P-security, as put forward by (Cordell et. al., 
(2011), meeting the long-term P demands will require adopting a high rate of P recovery 
from various waste streams including human and animal excreta. Through food 
consumption human excreta recycling is a sustainable solution. This study focuses on 
the liquid (sewage) urban waste stream in the case study. The reason for selecting an 
urban area for this study is because cities and towns have a higher concentration of 
human population with a higher consumption rate of different food commodities. P 
recovery already occurs in rural area agriculture through livestock manure use. More 
than Fifty percent of the current world population live in urban areas and consume up to 
seventy-five per cent of natural resources (UNEP, 2013). It is interesting to note that 
ninety per cent of urban population expansion is happening in developing countries, and 
it is estimated that by 2030 cities and towns in Africa, Asia, and Latin America will hold 
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eighty percent of the world’s urban population (UNEP, 2013). This thesis discusses how 
P can be recycled from an urban area back into the agricultural system, either as a 
component of fertilizer (struvite crystallization) or in another way (through urine 
separation at source). Both solid, and liquid (sewage) municipal waste streams contain 
P. Although there are limited studies on urban P flows, a Swedish (Kalmykova et al., 
2012) study concludes that the amount of P available in solid and liquid (wastewater) 
municipal waste is equal. Sewage (wastewater) generated in urban areas contain P 
from food, and detergents consumed; and WWTPs are entrusted with the responsibility 
of managing and treating urban wastewater, including industrial wastewater. The duty of 
urban wastewater treatment makes the wastewater treatment plants WWTP to be 
critical stakeholders, in the management and security of P. 
  
Recovering P from wastewater in an urban waste stream is an approach that presents 
an enormous opportunity for the future P-security agenda. Although there are several 
innovative P recovery technologies available today, P recycling is still, not yet a 
mainstream routine (Cordell et. al., 2011). Cordell et al. (2009a) stipulate that up to 
100% of the P consumed in food is excreted, and it is estimated that up to 3 MT (Million 
Tons) of P is released in human urine and faeces every year. Given the increasing rate 
of urbanization, urine is the single largest source of P arising from cities. 
  
Centralized wastewater treatment plants (WWTP) are entrusted with the responsibility 
of handling liquid waste in urban areas. Today, due to public safety, and environmental, 
and health concerns, WWTP facilities are required to remove P (and other 
contaminants) from wastewater, before it is returned to a given natural water body (like 
Oceans, Rivers, and Lakes). Untreated sewage dumping in water bodies is a health 
hazard. Furthermore, a high concentration of nutrients (P) in a water body ecosystem 
causes eutrophication. Eutrophication has an adverse effect on the environment 
because it causes algae blooms, which inevitably leads to hypoxia – depletion of 
oxygen in a water basin – and death of aquatic organisms. Evolution of sewage 
treatment processes has resulted in increased removal efficiency and achievement of 
the sanitation objective of wastewater treatment. Wastewater treatment plants can 
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efficiently treat wastewater to meet world standards. Typically, WWTPs use 
phosphorus-accumulating organism (PAO), and chemical salts (Iron, and Aluminum) to 
remove nutrients and organic matter from wastewater, and the result is clear water and 
a bio-solid residue. However, experts (WEF, 2014) call for a paradigm shift, from the 
current pollution control paradigm to a resource recovery model. Denmark has stiff 
environmental rules and regulations, especially regarding pollution control in natural 
water bodies, and the traditional Danish WWTPs use the best available technology at 
their facilities to meet regulatory requirements. 
 
 The Danish strategy for nutrient pollution reduction began with the 1987 Action Plan on 
the Aquatic environment that aimed at reducing P (by 80%) and nitrogen (by 50%) loads 
to the aquatic environment. The action plan covers three primary sources including 
municipal WWTPs, agriculture, and separate industrial discharges (Ærtebjerg et al., 
2003). 
 
 The Danish government designed specific reduction targets for municipal WWTPs 
including May 21, 1991, EU Directive 91/271/EEC (amended in 1998 with the 98/15/EU 
directive) regarding urban wastewater treatment. Denmark enforced the plans of the 
directive through legislation in 1994. The primary aim of the directive is to strengthen 
environmental protection against the adverse effects of discharging untreated municipal 
wastewater, and biodegradable wastewater from food processing industries (Ærtebjerg 
et al., 2003). 
 
 Other regulatory tools also include the specific reduction targets for the agricultural 
industry including the 1985 NPo (Nitrogen, P and organic matter) action plan; the 1987 
action plan; the 1991 Action Plan for sustainable agriculture; the 1994 10-Point 
programme for protection of groundwater and drinking water; the 1996 follow-up action 
plan for sustainable agriculture; and the 1998 Action Plan on the Aquatic Environment II 
(Ærtebjerg et al., 2003).  
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The call for a shift in the current wastewater treatment paradigm emphasizes on the 
adoption of a ‘removal and recycling’ model, over the current removal approach. The 
model also envisions an efficient STW of the future that achieves treatment goals while 
using minimal resources by 20% or more (Crawford et al., 2010).  The recycling of 
nutrients (P) in WWTP provides opportunities for resource reuse in agricultural, and 
other industries.  
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2. Problem Background. 
 
The necessity of P security in agriculture and food production cannot be over-
emphasized. Besides playing the critical role of energy production in our bodies as 
humans, P is vital for plant growth, and in the manufacture of mineral fertilizers that are 
in turn crucial for increased agricultural outputs. Today, the world’s fertilizer producers 
rely on phosphate rocks for the production of mineral fertilizers. Phosphate rock is a 
non-renewable resource that is estimated to be depleted within the century.  
 
 The United Nations projects that the global population will hit 9.6 billion, by the year 
2050. It has also been predicted that this population expansion will occur chiefly in 
developing countries, with more than 50% in Africa. The Food and Agriculture 
Organization estimates that agricultural outputs need to be increased by 70% to feed 
the new members of our species. Therefore future food security is necessary, and food 
safety can be guaranteed through future P security, along with sustainable agricultural 
practices and the availability of plant nutrients (P).  
 
 Scientists have insisted that close to 100% the P consumed (in food) is excreted, and 
on a yearly basis around 3,000,000 tons of P is released in human urine and faeces. In 
a bid to meet up with the demand for plant nutrients necessary for food production, 
isolation of P generated from various urban waste streams is needed to contribute to P 
security, especially in areas with P-deficient soils. Urine, in cities, has become a 
significant source of P, and recovering it back into agriculture is an enormous 
opportunity for the future (Cordell et al., 2011).  
 
 Wastewater Treatment Plants (WWTP) handle sewage (wastewater) in urban areas, 
and due to concerns of environmental pollution (mainly eutrophication), WWTPs are 
obligated to purify (by removing nutrients) wastewater before it is returned to the 
environment. Given the emerging challenge of P scarcity, it is no longer sufficient just to 
clean up wastewater (by removing the P, and other nutrient), there has been increasing 
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discussions and efforts to find appropriate technological solutions to foster P recycling 
from wastewater treatment back in agriculture.  
 
The primary problem question of this thesis is:  
 
“How can phosphorus contained in a given urban wastewater be safely circulated back 
into the agricultural sector, as fertilizer?” 
 
To find an answer to the problem question, some practical questions have been 
formulated, as shown below: 
  
(1.) How can the phosphorus being removed from the wastewater treatment 
plants be recycled as high-quality P-fertilizer, and put back into 
agriculture? 
 
(2.) What are some of the challenges and how can they be conquered? 
 
(3.) How can technology knowledge transfer be done, in a Sub-Saharan 
African city context? 
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3. Delineation. 
This study focuses on P recycling from wastewater treatment plant through controlled 
struvite precipitation and urine separation (at source), even though there could be other 
potential options. The study focuses less on sewage sludge use, as it is already 
prevailing. The urine diversion discussion is also limited as it is not a central solution for 
phosphorus recovery in cities. The study focus is on the urban area due to the 
increased of global urbanization. The research targets centralized wastewater 
management solutions with a minimum of 80,000 people equivalent capacity. In the P 
recovery agenda, there is an alternative decentralized solution that might be more 
relevant in rural areas, but this study focuses on cities and large towns. Seventy-five 
percent of the work on this study focuses on the current Danish treatment setup study 
while twenty-five percent of the work fixates on putting the Danish framework in an 
international perspective. The view uses some theories on knowledge transfer to 
discuss the potential for technology transfer to a sub-Saharan African city context, in 
this case, Abuja Nigeria (Wupa wastewater treatment plant). The technology knowledge 
transfer discussion is based on a theoretical frame, mainly due to a failed grant 
proposal. It was not possible to conduct a field study at the selected wastewater 
treatment plant in Abuja, Nigeria; a Sub-Saharan Africa (SSA) city. This principle 
technology knowledge transfer discussion is based on the analysis of the Danish 
condition studied in relation to the Abuja case study. Knowledge transfer is a key 
component of this project, but it was not possible to fully test some hypothesis due to 
financial and time limitations. The SSA urban area was selected based on soil nutrient 
limitation, traditions, and capacity for wastewater management. Establish a high-tech P 
isolating, purifying and recycling technology in the Abuja case study is a welcomed idea, 
however, it is recognized that some limitations (financial, social, and infrastructural) 
might adversely affect the discourse of knowledge transfer to the Sub-Saharan African 
city situation. The Economy and financial aspect of knowledge transfer went beyond the 
scope of this study and was not discussed. Furthermore, since this study focuses on 
urban settings, and leans on central solutions for P recycling; and much of the work 
focuses on the Danish urban context, the Danish research will mostly become irrelevant 
if the international context focuses on local rural conditions. 
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4. Theoretical Framework. 
 
Modern sewage handling systems were first developed in the mid-nineteenth century 
due to the exacerbation of sanitary conditions triggered by increased industrialization 
and urbanization. In 1832, 1849, and 1855 Cholera outbreaks due to contaminated 
water supply killed tens of thousands of people. In 1858, the overpowering stench of 
untreated sewage in the River Thames led to a sanitation reform that triggered the 
construction of an underground sewage system. In the middle ages, pits were built to 
collect sewage that was evacuated by workers known as “rakers” and then sold to 
farmers in peri-urban areas.  
 
In vast parts of Europe as well, farmers in peri-urban areas depended on the delivery of 
“night-soil” (untreated sewage) from urban areas to restore the fertility of their land. For 
thousands of years, human and animal dung have been composted, and recycling 
faeces and urine goes back to the 12th century in Japan and China. Some areas of Asia 
still have recirculating sewage handling systems. However, the rapid development of 
mega-cities has led to the deterioration of such regimes (Magid et al., 2006). 
 
The current Danish wastewater management system has been fostered by strong 
regulations around water and nutrients (amount of nutrients can be applied to crops). A 
1987 government decision led to the modernization of sewers and wastewater systems 
and the consequent development of innovative technologies. In the 1990s in Denmark, 
the standards for discharge to water bodies was further strengthened and today ninety-
five percent of all wastewater are treated. The national government put pressure on the 
local municipalities to enforce the water regulations thus contributing to the success of 
the Danish system. (Dalgaard et al., 2013). 
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4.1. Principles of Wastewater Treatment. 
Wastewater treatment has come to replace the term “sewage treatment”. Wastewater 
treatment is the process of removing contaminants, impurities, and pollutants from 
wastewater from households and industries. The processes of removing the harmful 
constituents (contaminants, impurities, and pollutants) from wastewater are physical, 
chemical, and biological methods. The primary objective of sewage treatment is 
environmental protection, and public health concerns. “...At least 1.8 million children 
under five years-old die every year from water-related disease, or one every 20 
seconds...” (Corcoran et al., 2010, P. 5). The process of treating wastewater creates a 
biosolid by-product, a slurry or semi-solid substance called sewage sludge. Sewage 
sludge is usually subjected to further treatment before it becomes suitable for disposal 
or land application.  
 
Treating wastewater can be organized centrally or regionally. A centralized system of 
treatment involves the collection, and transportation of sewage through a network of 
pipes, and pump stations to a municipal Wastewater Treatment Plant (WWTP). A 
decentralized system of treatment involves treating wastewater on the site where it is 
sourced, this is done in septic tanks, and aerobic treatment systems also referred to as 
bio-filters. Households (residential), commercial, industrial, and institutional 
establishments all produce sewage. Sewage includes liquid waste from baths, showers, 
toilets, kitchens, and sinks draining into a sewage network. Liquid waste from industries 
and commercial establishments are also categorized as sewage. Furthermore, storm-
water (water from prolonged rainfall and snow/ice melt) is another source of 
wastewater. Rainwater runoff from the surface of land (if not collected by the sewage 
system) can become a primary source of urban flooding, and water pollution in urban 
communities. As aforementioned, industrial wastewater is a source of sewage; 
wastewater from industries may contain chemical pollutants that cannot be treated by 
the traditional wastewater treatment plants. Therefore in developed countries, to ensure 
the reduction of contaminants from industrial wastewater, industries are regulated and 
required to treat their wastewater (Industrial Wastewater Treatment) before discharging 
to the sewer system for further treatment by the municipal WWTP. Large industries in 
 14 
Denmark often have their treatment plants, and they clean, and discharge wastewater 
like municipal treatment plants do (Jensen and Jepsen, 2005).  The collection and 
treatment of wastewater are usually subject to local, state, and national standards and 
regulations. The ultimate aim of treating sewage is to ensure public health safety and 
prevent environmental pollution, by producing an effluent (treated wastewater) that, 
when discharged to the environment, will do little or no harm. As mentioned earlier, 
wastewater treatment includes physical, chemical, and biological processes. The 
physical aspect of the treatment process is known as unit operations while the chemical 
and biological reactions used for contaminant removal are known as unit processes 
(Tchobanoglous et. al., 2003). The unit operations and unit processes are merged to 
result in various stages of treatments known as preliminary, primary, advanced primary, 
secondary, and tertiary (or advanced) treatment (Tchobanoglous et. al., 2003). The 
sewage influent first passes through the preliminary treatment stage where all large 
solid objects (rags, grit, sticks, floatable, etc.) that may damage equipment or cause 
operational problems are removed. Next is the primary treatment phase that is a 
physical operation, during this stage sewage is temporarily held in a quiet basin for 
sedimentation to occur (Tchobanoglous et. al., 2003). During sedimentation, grease, oil 
and other organic matters that float to the surface of the basin while heavy solids can 
settle at the bottom; the settled and suspended materials and then removed. Advanced 
primary treatment involves the addition of chemicals to enhance the removal of floating 
and dissolved solids (Tchobanoglous et. al., 2003). During the secondary phase of 
treatment, chemical and biological processes are used to remove organic contents from 
the sewage; also, it is during the secondary treatment that biological nutrient removal 
(BNR) occurs (Tchobanoglous et. al., 2003). During the advanced treatment stage, 
further use of unit operation and processes are used to remove leftover suspended 
solids and other contaminants that are not significantly removed by the secondary 
treatment phase (Tchobanoglous et. al., 2003). In a nutshell, cleaning wastewater 
occurs by transforming the P ions in wastewater into solid fragments. The fragments 
can be insoluble metal salts (Aluminum and Iron) precipitates and activated sludge 
containing microbial mass. 
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Figure 4. Generalized Flow Diagram for municipal wastewater treatment.  
Source: Pescod, (1992) 
Figure 5. Municipal wastewater treatment process. Adapted from New York Dept. of 
Environmental Conservation.
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4.2. Phosphorus Efficiency, and Recycling. 
Various scholars have repeated the idea of P recycling. Cordell and White (2014) 
pointed out some of the opportunities and challenges involved, in their study 
encompassing the ‘P bottleneck’ of life. De-Bashan and Bashan (2004) provides a 
comprehensive review of the common approaches to P-removal, and some of the 
technologies available. Karak and Bhattacharyya (2011) argue the potential of human 
urine as a source of alternative natural fertilizer in agriculture. An evaluation of P 
recycled as struvite was presented by different scholars (S. Williams, 1999; Y. Jaffer, 
2000; L. Shu et al., 2006). From pilot project to full-scale operational struvite 
precipitation plants. P can be recycled from all users of the substance, from miners to 
final consumers. In the mining sector, the tailings (Wastes separated out during the 
processing of mineral ores, including residues of raw materials) can be chemically 
treated to recycle P. Cordell, and White (2014) outline various processes of P recycling 
in different industries. In the fertilizer production industry, phosphogypsum (a by-product 
result from the processing of phosphate ore into fertilizer with sulfuric acid) can also be 
chemically treated to recover P, although it is considered too radioactive for reuse 
(Cordell and White, 2013). In the agriculture industry, crop waste can be composted, 
incinerated and fermented to recover P. In livestock and fisheries, manure can be 
directly reused, composted or dewatered; fish, blood and bones of animals can be 
directly reused on farmland. In wastewater, the focus of this study, urine can be directly 
reused, and precipitated. Faeces can be chemically treated, composted, incinerated 
and precipitated. Gray water can be precipitated or chemically treated. Untreated 
wastewater and treated effluent can be directly reused. Struvite can be precipitated; bio-
solids can be composted, fermented, chemically treated or directly reused. Sludge ash 
can be dewatered. With regards to efficiency in the use of P, the mining and fertilizer 
industries can reduce avoidable losses. Within agriculture, plant selection can be used 
to reduce fertilizer placement, and soil characteristics can be improved by timing and 
rate of fertilizer application, soil testing, erosion reduction and microbial inoculants. 
Within livestock and fisheries, animal selection and changing diets can contribute to P 
efficiency. Within food production, reducing avoidable losses, producing food closer to 
demand, and consumer food planning/preparation are efficient ways of P management. 
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Other efficient, sustainable P measures can be applied in the wastewater sector by 
repairing cracked pipes and minimizing sewer overflows, avoiding dumping of bio-solids 
in water bodies (oceans/rivers), and reduction of bio-solid spreading on nonagricultural 
land (Cordell and White, 2014). 
  
4.3. Phosphorus-Removal Technologies. 
Momentarily, the major commercially viable technology used to remove P from 
wastewater is via chemical metal salts (Iron, Aluminum, and Lime) precipitation 
(Penetra et al., 2009, De-Bashan and Bashan, 2004), and to a considerable extent, 
biological nutrient removal (Stratful et al., 1999). In some cases, spontaneous 
precipitation of struvites occurs under special conditions and structure of the 
wastewater. Struvites form spontaneously in environments with a high cluster of 
ammonium, and P. During wastewater treatment, a pH (acidity) level exceeding 7.5, and 
low concentration of suspended solids contribute to the spontaneous formation of 
struvites within the sewage treatment works. Another method of eliminating phosphates 
from wastewater is via air-stripping carbon dioxide from anaerobic effluent (Van Der 
Houwen and Valsami-Jones, 2001). The availability of several solutions for P recovery 
is appealing, however, based on the time frame available for the work on this project, 
this paper focuses on controlled struvite crystallization due to the prospects it holds. 
 
4.4. Principles of Struvite Precipitation. 
Struvites, as commonly referred to, is magnesium-ammonium-phosphate hexahydrate 
with chemical formula [Mg·NH4·PO4· 6H2O]; it is a substance that is produced 
spontaneously during some wastewater treatment processes (Booker et al., 1999; 
Williams, 1999; Stratful et al., 2001). The discovery of struvites in wastewater is not new 
and dates back to 1939 (Jaffer et al., 2002). The spontaneous formation of struvites in 
sewage treatment works clog pipes, and other parts of the facility, causing operational 
problems, reducing efficiency, increasing pumping cost, and cost of running the facility. 
The formed struvite must be removed physically with a hammer and chisel, or 
chemically dissolved with sulphuric acid (Williams, 1999; Durrant et al., 1999; Stratful et 
al., 2001). The image below shows as struvites spontaneously formed in the sewage 
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pipe. The potentials of economic extraction of struvite from WWTP can be achieved 
through controlled crystallization of struvite in a dedicated reactor, instead of tolerating 
spontaneous formation (Munch and Barr, 2001; Stratful et al., 2001; Hao and van 
Loosdrecht, 2003). 
 
 
Image 1: Spontaneous struvite crystallization in sewage pipe. (Source: KIT, 2015) 
 
 Struvites spontaneously form in environments where high clusters of soluble 
ammonium and P are present. Other conditions necessary for struvites to crystallize in a 
wastewater treatment process include are a pH (acidity) level of above 7.5, and a low 
concentration of suspended solids (de-Bashan and Bashan, 2004). During wastewater 
treatment, the various components necessary for crystallization of struvites are required 
to be available in a molecular ratio of 1:1:1, and they are magnesium (Mg2+), 
ammonium 1(NH+4), and phosphate (PO43-). It is interesting to note that spontaneous 
formation of struvites in WWTP pipes is not ubiquitous, and the practice of using iron 
and aluminum salts to precipitate phosphates contributes to the spontaneous formation 
of struvites in the sewer works. 
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4.5. Urine Separation at source. 
Human urine has been gaining popularity as a valuable resource for organic agriculture 
(Karak and Bhattacharyya, 2011). Following the scarcity of organic raw materials, and 
detrimental effects of chemical fertilizers in agriculture, the use and application of 
human urine as fertilizer in agricultural practices has been gaining popularity in some 
countries (Kirchmann and Pettersson, 1995; Guadarrama et al., 2001; Suresh et al., 
2002; Morgan, 2003; Rodhe et al., 2004; Mang et al., 2007; Jensen et al., 2008; Winker 
et al., 2009; Winker et al., 2010). Urine is produced after blood filtration in the kidney 
and contains unfiltered proteins and low-molecular-weight compounds. Urine contains 
the predominant part of human daily excretion of Phosphorus (P), nitrogen (N), and 
potassium (K), contributing 67%, 88%, and 73%, respectively (Maurer et al., 2003; 
Schönning, 2001; Fittschen and Hahn, 1998; Kirchmann and Pettersson, 1995). It is 
important to note that the composition of human urine differs from region-to-region and 
person to person based on their eating habits, body size, physical activity level, 
environmental factors, and quantity of water consumed (Karak and Bhattacharyya, 
2011; Vinnerås and Jönsson, 2002; Sullivan and Grantham, 1982). Another factor that 
makes urine very attractive as fertilizer is the small concentration of heavy metals. 
Jönsson et al. (2005) find that compared to farmyard manure, human urine has a lower 
concentration of heavy metals; and compared to P-fertilizers, human urine has less 
cadmium. The sterility of human urine is not absolute and holds less amount of 
intestinal microorganism that can easily be disinfected by storage (Schönning et al., 
2002). It is interesting to note that urine can be used as plant fertilizer without further 
treatment, and is considered sterile unless viruses are present from cross-
contamination with faeces (Höglund et al., 2002a). The proponents of urine use (as 
fertilizer) advocate for separation at the source to reduce cross-contamination (with 
faeces) and improve efficiency. Urine separation at source will also contribute to 
sustainability and improvement of wastewater management as urine contains 
approximately 80% of the nitrogen load in sewage (Karak and Bhattacharyya, 2011).  
 
The idea of urine separation is not new, and urine diversion (UD) toilet models exist 
today.  
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Image 2: Urine Diversion Toilet.  Image 3: Chinese Squat Pan UDT (Source: Ulrich 
2009) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6: Schematic diagram of UD toilet with compost system. (Adopted and modified 
from: Karak and Bhattacharyya 2011). 
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For the purpose of better nutrient recycling from human urine, the ECOSAN (ecological 
sanitation) urine diversion toilet was designed. Karak and Bhattacharyya (2011) asserts 
that UD ECOSAN technologies have been successful in developed and developing 
countries including Germany, Finland, Sweden, China, Mexico, South Africa, El 
Salvador, Thailand, Vietnam, India, Guatemala, Zimbabwe, Ecuador, and Ethiopia.  
 
 For hygienic reasons, storing urine is a crucial aspect before field application. 
Preferably, storage should be at a minimized temperature, and preventing aeration 
above the liquid surface in the storage tank is essential to avoid nitrogen losses 
(Höglund et al., 1998). Urine should be stored at a temperature of at 20°C or higher. 
Extended storage (for up to six months) of urine makes it suitable for open application 
with regards to viable viruses and pathogens (Vinnerås et al., 2008). Nevertheless, 
urine stabilization is paramount otherwise the volatile loss of ammonia from human 
urine can be detrimental to both human health and the environment (Galloway and 
Cowling, 2002). During separation, storage and transportation, the composition of urine 
can be changed significantly due to spontaneous processes like urea hydrolysis, 
volatilization, and precipitation (Karak and Bhattacharyya, 2011). Consequently, it might 
be necessary to treat urine to produce an adequate liquid fertilizer, and also prevent 
environmental pollution from micro-pollutants (Udert et al., 2006). In their work, Karak 
and Bhattacharyya (2011) highlighted some precautions in the use of human urine as 
fertilizer. Increased application rate on soils could increase salinity and induce high 
electrical conductivity. Also, urine must never be applied directly to the part of the crop 
to be harvested (fruits and leaves). Also, plants should not be fertilized with urine within 
30 days before crop harvest. Another precaution aimed at preventing major crop failure 
is the uneven spread of urine on the field.  
 
 Be that as it may, the use of urine comes with challenges. First and foremost is the 
notion of urine-blindness, a term that describes the disgust among householders and 
professionals, and the reluctance of farmers to use urine due to the real or discerning 
contamination concerns (SEP, 2013). In most cases, due to prejudice and ethical 
issues, the overall perception of human waste (faeces and urine) is one of disgust 
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(Drangert, 1998). Nevertheless, the perception and attitude of people concerning health 
hazards and disgust towards human waste (faeces and urine) varies between cultures, 
and involves a process of social conditioning. Since every social group has a social 
policy regarding excreting, Tanner (1995) asserts that the code of behavior (regarding 
human waste) of some social groups will vary with class, age, gender, marital status, 
religion, education, employment, locality, and physical capacity. For example, Urine is 
regarded as a spiritual pollutant by the Islamic commandment and stipulates that 
Muslims must reduce contact with human excreta (Hanafi, 1985). It is also noteworthy 
to add that people’s perception about urine slightly differs from that of faeces. Until 
recently, people's perceptions of urine have hardly been studied. Lienert et al. (2003), to 
ascertain the public view on the use of a urine-based fertilizer product, conducted a 
survey among 467 Swiss farmers, and the result revealed a high acceptance rate of 
57% stating that the idea was splendid; and 42% indicated a willingness to purchase the 
product. Furthermore, the application of urine on agricultural fields comes with the risk 
of transfer of pharmaceutical product residue onto plants. Traces of xenobiotic may be 
found in urine of humans who have consumed antibiotics like, but not limited to 
ampicillin, ibuprofen, and ciprofloxacin among others (Winker et al., 2010; Drobot et al., 
1996). Notwithstanding, there is little research data on the accumulation of xenobiotic in 
soils, the leaching to groundwater, and the plant uptake rate (Karak and Bhattacharyya, 
2011).  
 
4.6 Theory on Quantitative Interview Method.  
Qualitative analysis requires theoretical sampling and constant comparative method 
(CCM) in conducting qualitative research (Boeije, 2002). The CCM method advocates 
that conducting a qualitative research requires systemization of work and a sound plan 
using four basic principles to arrive at a result. The criteria include (i.) the aim of the 
research; (ii.) the data included; (iii.) the results; and (iv.) the questions asked. Glaser 
and Strauss (1967) established the comparative analysis method in their paper on the 
discovery of the grounded theory analysis (Boeije, 2002). The analysis process involves 
a dominant rule of making comparisons based on a qualitative research using various 
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procedures, techniques, and the rule of thumb with the aid of displays, memo-writing 
(Boeije, 2002). 
 
4.7. Theory on Knowledge Transfer 
Gilbert and Cordey-Hayes (1996) points out the complexities involved in the ability of 
organizations to successfully implement a technological and organizational change, 
including the management of such knowledge, and the role of the recipient organization. 
Using a case study, the scholars present a learning approach model for understanding 
the processes of knowledge transfer and outline the organizational behaviors that 
contribute to the success of knowledge transfer. Figure 6 outlines the model for 
technology change, and organizational learning. 
 
 
 
 
 
 
 
 
 
 
Figure 7: conceptual Bridge between technological change and organizational learning 
(Source: Gilbert and Cordey-Hayes 1996). 
 
 Furthermore, the knowledge transfer theory postulates that a recipient organization 
must possess some requisite organizational skills to be able to achieve a successful 
knowledge transfer process. The skills include: (a) Gaining commitment and support; (b) 
Efficiency in indirect development activities; (c) Adoption of a horizontal management 
style; (d) Efficiency in upstream data connection and inter-company liaison; (e) An 
Incremental improvement; (f) Designed-in organizational flexibility; and (g) Fuller 
organizational and systems integration.  
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Figure 9: Process of Knowledge Transfer. (Source: Szulanski, 2000) 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 8. Gilbert and Cordey-Hayes (1996) Conceptual framework of knowledge 
transfer. 
 
Also, Szulanski (2000) offers a process paradigm of knowledge transfer. The process 
model outlines the stages involved in the transfer of knowledge, and the challenges that 
come with the various stages. The model concludes that the factors that affect the 
opportunity to transfer knowledge will predict the challenges that will occur during the 
transfer initiation stage. The factors that affect the execution of knowledge transfer will 
predict the challenges during the implementation phase. Szulanski (2000) suggests a 
measure of stickiness for each phase of transfer, to explore the predictive power of the 
factors at each stage of the transfer process. 
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There are four stages in the process of knowledge transfer namely initiation, 
implementation, ramp-up and integration. The implementation effort is made, then a 
ramp-up to satisfactory performance is performed, and finally a follow-through and 
evaluation stage commences to integrate the practice of the knowledge source and 
recipient organization (Szulanski, 2000). 
 
Furthermore, Cummings and Teng (2003) concludes that successful transfer of 
knowledge between countries, and forms of governance depends on several key 
variables including: (i) the R&D unit’s understanding of the knowledge to be transferred, 
(ii) the degree to which both parties share related knowledge bases, (iii) the level of 
interaction between knowledge source and knowledge receiver, and (iv) the 
participatory process through which the knowledge is transferred and made available to 
the recipient.   
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 10: Figure of Model Transfer (Cummings and Teng, 2003) 
 
The theory stipulates that knowledge transfer success increases as the understanding 
(articulatbility) of the knowledge increases. Also, the theory insists that transfer success 
will decrease as the physical distance between source and recipient organization 
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increases. Furthermore, transfer success reduces as the knowledge distance between 
recipient and source organization increases. The theory also suggests that knowledge 
transfer success declines as the norm distance between recipient and source 
organization increases. Knowledge transfer success elevates as the project priority 
increases. An increase in the level of recipient organization learning culture will increase 
the success of knowledge transfer. Also, the model postulates that knowledge transfer 
success increases as the number of transfer actions increases.  
 
5. Methodology. 
This study first explores the various academic theoretical positions in understanding the 
concept of P recovery, and the existing technological know-how. The study adopts a 
comparative study to review the similarities and disparities in the notion of P recycling in 
two given urban (Copenhagen, and Roskilde) settings, via their central wastewater 
treatment works. The comparative study includes field studies to the sewage treatment 
works in two cities, Roskilde and Copenhagen. 
 
 The comparative analysis result was accomplished through field trips to WWTPs. The 
study also includes interviews (in a semi-structured, and qualitative style) with various 
stakeholders, based on their expertise in the subject area - to increase research 
accuracy and validity. Interviews were conducted with informants in the relevant public 
and private institutions. The interview uses a minimum set of information expected from 
the interviewee, and some informal talks, to make a comparative analysis. Data on 
installed technology and skill level of facility operators were collected. The research 
observes the provisions for sewage sludge disposal and provisions for nutrient 
recycling.  
 
The informants included in this research were engaged in an informal, semi-structured 
interview. They include: 
 
1. Wastewater Treatment Plants. 
2. Academic Experts on thermal processes, and chemicals. 
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3. Struvite-Producing WWTP 
4. Munksøgård Ecological Community (with Urine Diversion Toilets – UDTs) and  
5. Selected participants of a conference on P circular economy, Brussels. 
 
 
 
 
 
 
 
 
 
 
 
 
  
Figure 11. Interview Flowchart, towards answering the Problem Question.  
See table 1 for project planning and development process. 
The informants chosen for the study were selected due to their roles in the P recovery 
agenda. The central wastewater treatment plants (BIOFOS A/S, Copenhagen; and 
Forsyning A/S, Roskilde) are the primary stakeholders, entrusted with the responsibility 
of treating wastewater, which holds a significant amount of the P in urban liquid waste. 
In order to ensure that the different informants could be compared across thematic 
questions, in alignment with the problem question and sub-questions, the interview 
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1. What is your qualification, and position at the WWTP? 
 
2. Are there some new chemicals found in the influent? If yes, what 
are some of them, and how does the plant adapt to this? 
 
3. What are some immediate or future plans for expansion and/or 
technological upgrade? 
 
4. Has there been any remarkable increase in the inflow wastewater 
influent, and how does the system adapt to this situation? 
 
5. What are the options for nutrients recycling in the WWTP? 
 
6. Do you have any Information on controlled struvite precipitation? 
 
7. How is the ownership of the Wastewater treatment plant structured? 
 
8. With is the view of the WWTP on the changing idea in wastewater 
treatment approach, from nutrient removal to recycling? 
 
9. What is the source of the energy that powers the plant? 
 
10. What are some of the local, regional, and national regulations 
requirements that need to be implemented at this WWTP? Are there some 
changes in the regulation? 
 
11. What are some of the other functions of the WWTP? 
session with the WWTP informants was organized according to an interview guide. The 
interview question guide that was used for the WWTP is depicted below: 
Interview Question Guide. 
 
 
 
 
 
 
 
 
 
 
 
 
 
The informants at Avedøre WWTP, Copenhagen are Kristian Pedersen, a 
communications officer; and Artur Mielczarek, a business development officer, with a 
Ph.D. in environmental biotechnology from Aalborg University. They both answers 
questions in semi-structured interviews and took me on a tour of the plant. 
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The informant at Bjergmarken WWTP, Roskilde is Thomas Eriksson, the operations 
manager and a civil engineer degree, and mandatory Wastewater Plant Operations 
Manager certification. He answered questions and took me on a tour of the plant. 
The incineration expert, Tobias Thomsen, is a Ph.D. student of chemical engineering at 
Denmark Technical University.  He provides specialized perspectives on the pros and 
cons of the thermal process (incineration) used to treat sewage sludge, and the 
possibility of P recycling from the residue ash.  
The chemical biologist, Kristian Syberg, is an assistant professor at Roskilde University 
who provides insights on the possible cocktail effects from the mixture of chemicals 
present in sewage sludge. 
The struvite producing WWTP, AarhusVand A/S, is a Danish facility that has optimized 
for efficiency in both nutrient removal and recycling. The WWTP incorporates a struvite 
reactor in their facility, designed specifically for recovering P as struvite. The informant, 
Peter Baslev, is the designer of the struvite recovery plant at Aarhusvand and provides 
views on the potentials and challenges of recycled P as struvite. 
The urine separation case contributes to the concept and potentials of decentralized P 
recycling in urban areas. The Munksøgård paradigm is an ecological community of 100 
homes located in Trekroner, Roskilde. They utilize urine diversion toilets (UDTs) to 
collect urine separately for agricultural application, under the approval of the Roskilde 
municipality. 
The end-user of recovered nutrients (Farmers) provides a perspective on the 
socioeconomics on the use of recovered nutrients, like sewage sludge, on their fields. 
The farmer informant is Erik Borup, who has managed a farm for seven years during 
which period his farm received sewage sludge for five years. From the nutrient point of 
view, the farmers may welcome the use of sewage sludge, however, from the 
economical point of view, it may have an unexpected adverse impact on the business if 
consumers are wary of products produced on fields amended with sewage sludge. The 
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end user provides information on the willingness to pay a premium for such recovered 
nutrients, which will ultimately influence the supply of such products. 
Since regulations can set barriers to various solutions, this study goes beyond the 
technical method of answering the problem question but also considers the 
perspectives from the regulatory point of view. The policy experts at the Brussels 
conference on P circular economy provides a view on some of the barriers that exist for 
recovered nutrients. More informants could have been included, however, the time 
frame for the master thesis research is limited. 
The theoretical technology knowledge transfer uses data from a case Sub-Saharan 
African city (Abuja, Nigeria) case study analysis, and interview with plant (Wupa WWTP, 
Abuja) operators (Michael Adeniyi, and Abdul Yahaya) to discuss the 
internationalization of the Danish wastewater treatment approach. 
To ensure a clear understanding of the account of the analysis, the following questions 
have been posed: 
 
1. What was the SUBJECT of the comparison? The subject of comparison is the 
provision for nutrient recovery in selected urban areas (Copenhagen, and Roskilde) in 
Denmark. The wastewater treatment plants are the primary stakeholders in P 
management in urban areas. 
  
2. In what PHASES did the research take place? The phases through which the 
research unfolded involved a period of theoretical reviews; the collection of data via 
interviews (semi-structured; face-to-face meetings, audio memos, and telephone calls) 
and field studies; and finally a phase of comparative analysis and critical discussion. 
 
3. What was the REASON for the research? To contribute to the knowledge available 
for P, and its importance as an element. Humanity is addicted to P, and its necessity 
cannot be overemphasized, it is necessary for all plants and animal life on our planet; 
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and most crucially required for food and livestock production. Momentarily, sustainability 
is not widely adopted in the mining, use, and recycling of P. 
  
4. What are the RESULTS of the comparison? The result of the comparative 
analysis, from the selected wastewater treatment plants, show that in Copenhagen the 
P is being stored in the form of incinerated ash; compared to Roskilde where the P 
remains in the sludge. Regarding utilization, Roskilde recycles P via sludge (dried and 
pelletized) application on agricultural fields. 
 
PHASE 1: PHASE 2: PHASE 3: PHASE 4: 
Theoretical 
understanding 
 
Phosphorus, 
Urbanization, 
Wastewater treatment. 
 
Sustainable 
management of p and 
future security. 
 
Phosphate rock 
reserves are non-
renewable. Impact on 
food production. 
 
Rapid urbanization. 
Potentials in developing 
urban areas. P-rich 
wastewater in urban 
areas 
 
WWTP handle 
wastewater 
management. Critical 
stakeholders in the p 
recycling agenda. 
 
WWTP are originally 
developed for sanitation 
purpose due to 
environmental and 
health concerns. 
 
Data collection on 
case study. 
 
Field trip and Interviews:  
 
Avedøre WWTP.  
 
Incineration expert.  
 
Chemical experts. 
 
Struvite producer. 
 
P, and recycling policy 
conference. Insight on 
regulatory stance. 
 
Bjergmarken WWTP. 
 
Interview with end user 
Farmer. 
 
Urine separation field 
trip 
 
Interview: 
Wupa WWTP  
(Developing city case 
study) 
Discussion 
 
Argument for resource 
management. 
 
Emphasis on a shift in 
the current sanitation 
model to a resource 
recovery model. 
 
New possibilities. 
Struvite reactor. Urine 
separation at source. 
 
Recognizing the 
success of the Danish 
wastewater treatment 
context. Regulated and 
unique. 
 
Internationalization of 
the Danish context 
through knowledge 
transfer to a developing 
country context. 
Theoretical analysis with 
Wupa WWTP, Abuja 
 
Future Perspectives 
 
Upgrading the 
developing city WWTP 
plant to reach 
operational capacity. 
 
Hindrances to success 
Danish context 
knowledge transfer. 
 
Infrastructure upgrade. 
 
Urine separation 
implementation in 
developing suburban 
areas. 
 
Regulatory and 
legislative requirements. 
 
 
 
Table 1: Project planning and development process. 
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6. Study Area. 
6.1. Danish Case. 
The STW studied were in Copenhagen and Roskilde. Copenhagen is located on the 
east coast of Zealand (Sjælland) Island, and it the capital city of Denmark with the most 
population. Copenhagen is the governmental, economic, and cultural center of Denmark 
covering an area of 2778 km²; with a population of 1,786,469 (StatistikBanken, 2015).  
Roskilde is located on the Danish island of Zealand (Sjælland). Roskilde is the tenth 
largest city in Denmark, the major town in the Roskilde Municipality and, a commercial 
and educational center for the region. Roskilde covers an area of 211.99 km² and 
harbors a population of 85,903 (StatistikBanken, 2015). 
 
6.1.1. BIOFOS A/S, Avedøre WWTP, Copenhagen. 
Avedøre wastewater treatment plant is one of the three treatment plants operated by 
BIOFOS A/S. Avedøre WWTP operates the sewer network for Vallensbæk and Brøndby 
municipalities and altogether has a sewer pipe network of 2,300 km.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 12. Avedøre WWTP catchment area (Adapted from BIOFOS, 2015). 
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Avedore WWTP was established in 1956 and is owned by 10 (Albertslund, Ballerup, 
Brøndby, Glostrup, Herlev, Hvidovre, Høje-Taastrup, Ishøj, Rødovre and Vallensbæk) 
municipalities. It has a design capacity of 350,000 PE (Population Equivalent) and 
serves a combination of approximately 265,000 people. The total catchment area size is 
10.025 Hectares (100,250 Square meters). Catchment area contains, trunk sewers, 
large retention basins, and pumping stations (see Figure 5). The catchment area 
consists of a combined (collecting both sewage and storm water); and separate 
(collecting sewage primarily) sewer systems.  
 
The WWTP meets the current regulation requirements and can safely transport and 
treat all wastewater from the connected municipalities. In 2014, the Avedøre WWTP 
treated a total of 122,000,000 m3 of wastewater, and sludge incineration generated an 
electricity conductance of 20.8 t-TS. Avedøre WWTP produced 1.102 GWh in district 
heating, and 52.959 GWh in electricity production (BIOFOS, 2015). 
  
 6.1.2 Forsyning A/S, Bjergmarken WWTP, Roskilde. 
Bjergmarken WWTP is one of the five sewage treatment works operated by Forsyning 
Roskilde A/S and has a capacity of 125,000 PE. The STW receives and treats 16,000 
m3 of wastewater (including storm water) per day. Bjergmarken was established in 
1948 and has been expanded over time to meet the current 125,000 PE capacity, from 
its previous 92,000 PE. Bjergmarken collects wastewater from a sewer network 
spanning over 850km, figure 13 depicts the catchment area of Roskilde. 
 
6.2. Nigerian Case 
6.2.1. SCC Nigeria Limited, Wupa WWTP, Abuja. 
This research uses a Nigerian city case study to discuss the angle of knowledge 
transfer, theoretically. The case study selected for this discussion is the Wupa WWTP in 
Abuja, Nigeria.  Abuja is located in the center of Nigeria and is the capital city. Abuja is 
the Administrative Centre of Nigeria covering an area of 713 km², with a population of 
1,405,201 people (NPC, 2016). Wupa WWTP collects sewage from the city Abuja and 
has a 700,000 PE (people equivalent) capacity. It operates a sewer network of 800km 
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and is publicly owned by the Federal Capital Territory Administration (FCTA) and 
privately operated by SCC Nigeria Limited. The facility uses an activated sludge system 
with aerobic processes, to treat wastewater. Due to technical challenges, the plant 
operates at 30% capacity, and average influent flow is 35,000 cubic meters per day. 
  
Figure 13: Roskilde Municipality catchment area. (Source: Fauser et al., 2001) 
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Abuja city is currently under development, the development expansion is being done in 
stages, and only fully developed phases of the city have central sewer networks. Figure 
14 shows some of the phases in Abuja. Phases 1 and 2 are the areas with developed 
sewer lines while the sewer lines in phase 3 and 4 are currently under construction (A. 
Yahaya 2016, pers. comm., 26, January). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 14: Map of Abuja showing developed, and developing phases. (Source: Adapted 
from Abubakar, 2014).
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7. Analysis 
This study aims at understanding the provisions for P recycling for reuse in agriculture. 
Copenhagen and Roskilde were the selected cities for the case study. Urine contains 
67% of human daily excretion of P, and wastewater treatment plants are the key 
stakeholders in the management of sewage (municipal and industrial wastewater), in 
urban areas; and thus is the point of the study. To support the knowledge transfer 
discussion, the result of the SSA city case study is also provided below. 
 
7.1. Results. 
7.1.1. Avedøre WWTP, Copenhagen. (BIOFOS A/S) 
BIOFOS Avedøre WWTP treats wastewater through a mechanical, biological and 
chemical process. The mechanical process includes the preliminary and primary 
treatment phase of wastewater treatment. At Avedøre, the preliminary process involves 
collecting raw sewage (influent) that is screened for physical items (Diapers, sticks, 
false-tooth, cell phones, and hairballs). Samples of the flow are recorded. In the primary 
treatment phase, the influent is pumped into a grit and grease chamber where it is 
screened for oil, grease, and other objects that float to the surface. It is then pumped 
into five primary basins for sedimentation. During sedimentation, organic matters float to 
the surface, and solids settle to the bottom. Both the settled and suspended materials 
are then sent to the digester.  
 
 The biological process involves activating the sludge (BNR – Biological Nutrient 
Removal) with bacteria and oxygen through an aerobic and anaerobic process. The 
wastewater then flows through the process where chemicals (Iron and Aluminum) are 
used to remove the organic content from the wastewater; this results in clear water 
(although laced with some bacteria) that is pumped into a basin for settlement. Samples 
of the clear water (effluent) are recorded. The effluent is then pumped out 1.2km into 
the Køge Bugt bay. The organic content removed is also sent to the digester for 
processing (Methane gas and heating gas is produced during the digestion period) 
which results in the sludge. At BIOFOS Avedøre WWTP, the sludge is incinerated, and 
 37 
the resulting ash is deposited on site within the facility. Figure 7 shows an overview of 
sewage handling and sludge disposal at Avedøre WWTP.  
 
Figure 15. Overview of the sewage treatment process at Avedøre WWTP. 
 
Avedøre WWTP uses the BIO-DENITRO/BIO-DENIPHO mechanical removal system. 
The BIO-DENIPHO and BIO-DENITRO are biological treatment processes for removal 
of carbon, nitrogen, and P from wastewater. Using the activated sludge principles, it 
involves the control of a sequential treatment activity in adjacent activated sludge tanks. 
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BIO-DENIPHO enables the removal of nitrogen while BIO-DENITRO allows for the 
removal of both P and nitrogen. The principles of the BIO-DENITRO system involve two 
same sludge tanks and a settling tank. The activated sludge tanks are fitted with 
aeration and agitation devices, they are interconnected and operate alternatively. Figure 
6 shows a bird's eye view of Avedøre WWTP. 
 
 
Figure 16: Aerial view of Avedøre WWTP, (Adapted from Google Maps, 2015). 
 
At Avedøre WWTP, the sludge (containing P) produced from the sewage treatment 
process is incinerated, and the ash is deposited on site within the facility. Therefore, 
momentarily, there is no option for P recycling at the treatment facility. Interaction with 
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the informants at the facility clear expresses that the drivers of the current treatment 
model at the facility are solely aimed at nutrient removal, not recycling. However, the 
experts acknowledge the call for a shift in the current model, and some future expansion 
plans aim to incorporate one or more methods of nutrients recovery in the overall 
treatment process. The interviewee indicated that BIOFOS A/S intends to make the 
upgrades before 2025. 
 
Interview: 
Informants: Kristian M. Pedersen, (Information/Communications Officer). And, 
Artur Tomasz Mielczarek (Project Manager). 
 
Questions: 
Q. What is your qualification, and position at the BIOFOS A/S Avedøre WWTP? 
Answer: I have a Ph.D. in environmental biotechnology (from Aalborg University). My 
department overviews the technological implementations required to meet the standard 
for the various set of parameters.  
 
Q. Are there some new chemicals found in the sewage? If yes, what are some of them, 
and how does the plant adapt to this? 
Answer: Our plant treats the wastewater, and does not run a research and development 
section to analyze particles and chemicals in wastewater. Nevertheless, we are required 
by law to check for certain parameters to meet the effluent standards set by the 
government. 
 
Q. What are some of the immediate or plans for expansion and/or technological 
upgrade? 
Answer: We are looking at methods that will identify xenobiotic compounds in 
wastewater remove them. Future technological upgrade plans to include membrane 
reactors, to conserve resources. 
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Q. Has there been any remarkable increase in the wastewater influent, and how does 
the system adapt to this situation? 
Answer: There is a slight increase during increased rainfall and snow melting. There is 
also a significant but steady rise in wastewater influent during mornings when people 
wake up to shower and use the toilet.  
 
Q. What are the options for nutrients recovery in the BIOFOS A/S Avedøre WWTP? 
Answer: We incinerate sewage sludge and deposit ash on site. At the moment, nutrients 
are not recycled, but there are future plans (before 2025) for nutrient recovery options at 
the plant. 
 
Q. Do you have any Information on struvite precipitation? 
Answer: At the moment we do not precipitate struvite at the Avedøre WWTP, but we are 
considering it as one of the options for P recovery here at the plant. 
 
Q. How is the ownership of the Wastewater treatment plant structured? 
Answer: 10 municipalities publicly own it. 
 
Q. With is the view of BIOFOS on the changing paradigm in wastewater treatment 
approach. From cleaning to recycling? 
Answer: We support the idea, and have future plans of upgrading our plant to a removal 
and recycling capacity. 
 
Q. What is the source of the energy that powers the plant? 
Answer: Some of the energy come from the national grid, and the other comes from the 
heat that is produced in the factory. 
 
Q. What are some of the local, regional, and national regulations requirements that 
need to be implemented at this WWTP? Are there some changes in the regulation? 
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Answer: We are required to adhere to both EU and Danish requirements. In some 
cases, the local rules are more stringent than the EU rules. The Danish regulation 
strategy on limiting pollutant discharges is based on BAT (Best Available Technology). 
 
Q. What are some other functions of the Avedøre WWTP? 
Answer: We have other departments that are responsible for other activities. We have 
other departments including production department, HR, and Communications 
department, the environmental planning department, planning the implementation of the 
new directives. The communications department does an especially important job of 
disseminating information on waste management. 
 
Q. Since the majority of the nutrients are concentrated in our urine, and BIOFOS A/S 
has plans for nutrient recovery, why is the idea of UDTs - Urine Diversion Toilets not 
already widely spread and adopted? Are there some barriers and challenges? 
Answer: There was a deliberation on urine segregation option; unfortunately the plan 
did not work out because the users did not buy the idea, even though some people think 
it is a brilliant idea. People are not ready to use urine diversion toilets. On a personal 
point of view, the people are not prepared to make new infrastructural investments. 
 
7.1.2. Bjergmarken WWTP, Roskilde. (Forsyning A/S) 
 Bjergmarken WWTP incorporates the alternating BIO-DENIPHO tank system in the 
wastewater treatment process alongside a mechanical, biological and chemical 
mechanism. The mechanical process employs the use of machines to perform tasks, 
the biological process involves the use of microscopic organisms to breakdown and 
converts organic compounds while the chemical process involves the use of an iron-
based chemical (iron-chloride) to remove phosphates and clear the wastewater.  Figure 
7 below shows an overview of the wastewater treatment process at Bjergmarken 
WWTP. The first step of sewage treatment begins when the raw sewage (influent) 
passes through a bar screener, and grit tank where solid physical items (such as paper, 
cotton balls, diapers, sticks, hairballs etcetera) are filtered out. The filtered items are 
transported to and incinerated at a local waste incineration facility. The influent is then 
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pumped into a grit chamber where it is screened for oil, grease, and other matters that 
float to the surface. Within this chamber also, sand (that comes from rainwater, and 
snowmelt runoff water that washes the road into the sewers) sinks to the bottom of the 
tank and is subsequently removed, washed, sieved and used for construction, and land 
disposal activities. During the next phase, the influent is pumped into an anaerobic tank 
where phosphates (PO4) are stripped from wastewater using P-accumulating organisms 
(PAOs) from the returned activated sludge.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 17: Overview of the sewage treatment process at Bjergmarken WWTP. 
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Within the anaerobic tank, the organic content of the sewage is broken down using 
bacterial hydrolysis. The organic contents (carbohydrates) are broken down into soluble 
particles that become available for other bacteria. Still within this chamber, the 
acidogenic bacteria further convert amino acids and sugars into ammonia, carbon 
dioxide, and organic acids. Using the ammonia, the bacteria convert the organic acids 
into acetic acid. Further, the wastewater is transferred into the denitrification chamber. 
The denitrification phase of sewage treatment also uses a microbial process to converts 
the nitrates (NO3) into molecular nitrogen (N2). 
 
 Furthermore, the next phase of treatment is the nitrification process that involves an 
aeration tank where oxygen is introduced into the chamber. Within this reservoir, 
bacteria can accumulate phosphates from the wastewater while ammonium (NH4) is 
converted to nitrates (NO3).  
 
Consequently, the sewage is pumped into the clarifier tank where ferric chloride [Iron 
(III) - FeCl3] is added to the wastewater, the function of the iron chloride chemical 
includes polishing the wastewater, and separating the sludge from it. Clearwater from 
the clarifier is discharged into the Roskilde Fjord. The distinct part of the wastewater 
(slurry) at this point contains 2% dissolved solids (DS) and is pumped to a solid bowl 
centrifuge (Sludge Thickening Centrifuge) where it is thickened to become 6% DS.  
 
 The thickened slurry is then pumped into an anaerobic digester where various 
biological processes, using microorganisms and high temperature, is used to break 
down the biodegradable material in the absence of oxygen. This process results in 
biogas (methane) production that is used for district heating and used for electricity 
production that runs the sludge dryer. After the digestion process, the slurry becomes 
45% DS and is yet again transferred into another centrifuge system that dewaters the 
sludge. After sludge dewatering, approximately 25% of the dewatered sludge 
(containing 70% moisture) is disposed of, while the remaining 75% is transferred to an 
oven where the moisture is dried out to result in a 95% DS dried biosolid. 
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 Finally, the dried sludge is pelletized and packed into bags that are then distributed to 
farmers through private companies. Without further processing, pelletized sludge can be 
applied directly to agricultural land. 
 
 Figure 18: Aerial view of Bjergmarken WWTP, (Adapted from Apple Maps, 2015). 
 
At Bjergmarken WWTP, P is recycled through Pelletization of sludge and distribution to 
farmers. The Roskilde WWTP has a proactive approach towards nutrient recovery in 
addition to the obligatory sanitation objectives, at their facility. 
 
Interview: 
Informant: Thomas Eriksson, Operations Manager. 
 
Q. What is your qualification, and position at the Roskilde Forsyning A/S WWTP? 
Answer: Civil engineer with mandatory Wastewater Plant Operations Manager 
certification. 
 
Q. Are there some new chemicals found in the influent? If yes, what are some of 
them, and how does the plant adapt to this? 
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Answer: We do not measure for other chemicals than those we must analyze for 
according to Danish wastewater legislation. 
 
Q. What are some of the immediate, or plans for expansion and/or technological 
upgrade? 
Answer: We are looking into new technologies for energy production and exchanging 
our surface aeration to bottom aeration. 
 
Q. Has there been any remarkable increase in the inflow of wastewater influent, 
and how does the system adapt to this situation? 
Answer: No. The average annual inflow has not changed much during the last ten 
years. However, peak flow during precipitation (rainfall, and snowmelt) is more constant. 
 
Q. What are the options for nutrients recycling in the Roskilde Forsyning A/S 
WWTP? 
Answer: I regard them as quite right. It would be possible to extract P from the sludge 
as struvite. 
 
Q. Do you have any Information on controlled struvite precipitation? 
Answer: No, we do not. 
 
Q. How is the ownership of the Wastewater treatment plant structured? 
Answer: The WWTP is owned by Roskilde Spildevand A/S, which is currently owned by 
Roskilde Forsyning A/S (belonging to the municipality of Roskilde). In 2016, the 
ownership will be transferred to the utility company FORS, which is owned by Roskilde, 
Holbæk and Lejre municipalities. 
 
Q. What is the view of Roskilde Forsyning A/S on the changing idea in wastewater 
treatment approach? The transition from removing nutrients to recycling 
nutrients? 
Answer: We welcome it and regard it as necessary. 
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Q. What is the source of the energy that powers the plant? 
Answer: the energy producer DONG supplies 75% of the Electrical energy. The rest is 
produced by solar panels. Heat energy is produced by biogas from our digesters, and 
from liquid propane gas. 
 
Q. What are some of the local, regional, and national regulations requirements 
that need to be implemented at this WWTP? Are there some changes in the 
regulation? 
Answer: Our discharge permit states the outlet concentrations for COD = 75 mg/l, SS = 
30 mg/l, TN = 6 mg/l and TP = 1,2 mg/l. Produced sludge must meet the requirements 
stated in the national regulation concerning sludge as a soil improvement. There have 
been no changes in the requirements yet. 
 
Q. What are some of the other functions of the Roskilde Forsyning A/S WWTP? 
Answer: We treat wastewater for COD, BOD, nitrogen, and Phosphorous, primarily 
biological and supplement with chemical treatment. Excess sludge is digested, dried 
and pelletized and discharged as fertilizer. Biogas from digestion is used for drying and 
supplies approximately 50% of the energy needs. 
 
7.1.3. Wupa WWTP, Abuja. (SCC, Nig. Ltd.) 
Wupa WWTP uses mechanical, biological and ultraviolet disinfection to treat 
wastewater. First sewage flows to the plant via gravity and goes through a coarse 
screening. The influent is then lifted up, via a screw pump, to the fine screen; and then 
to the aerated grit chamber. 
 
 Screened sewage flows into a distribution tank and eventually navigates into the 
aeration chambers where biological processes occur alongside carbonaceous BOD 
(biological oxygen demand) and nitrate (ammonia) removal. The wastewater then flows 
into a clarifier tank where sedimentation occurs. Within the clarifier tank, the 
supernatant liquor flows through an ultraviolet disinfectant towards the outlet. The 
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effluent is discharged into a stream that leads to the Wupa River. The sediment slurry 
(activated sludge) is returned to the aeration chambers while the excess sludge flows 
into a gravity thickener (earth lagoon) to reduce the moisture content. Furthermore, the 
thickened excess sludge is pumped into a dewatering unit and finally transferred to a 
drying bed. The sludge drying bed is an open area where sludge is heated up by 
sunlight. The dried sludge is disposed by landfill and sometimes collected by some 
horticulturist. The figure below shows an overview of the treatment process at Wupa 
WWTP. 
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Figure 20: Aerial View of the Wupa WWTP, Abuja. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Two informants provided data on Wupa WWTP. The first informant, Mr. Michael Ayeni 
provides the answer to some set of questions listed below, while a personal 
communication with Mr. Abdul Yahaya provided more information on the plant’s 
operation process described above. The following is an outline of the questionnaire 
answered by the one of the informants. 
 
Informant: Michael Ayeni   
 
How is the ownership of the WUPA Wastewater treatment plant (WWTP) 
structured? 
A: It is publicly owned by the FCTA (Federal Capital Territory Administration), and 
privately operated and maintained by a private company. 
 
Q: What is your qualification, and position at the WUPA WWTP?  
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A: Certified lab. Technologist and Laboratory Superintendent  
 
Q: Is there an analysis/report of the parameters in the sewage influent? 
A:  Yes, there is.  
 
Q: Are new chemicals found in the sludge?   
 A: No  
 
Q: What is the method of treating wastewater, from influent to effluent?     
A:  Basically, there are three phases of treatment. 1.  Physical or primary process; 2. 
Biological process (activated sludge system using extended aeration); and 3. Ultraviolet 
Disinfection.  
 
Q: Is there a report (available online/scanning) on the WUPA treatment process? 
A: Not really  
 
Q: Are there any immediate or future plans for plant expansion, and/or 
technological upgrade? 
A: yes there are plans for future expansion and upgrading (integration of primary 
clarifiers and sludge digester).  
 
Q: Has there been any remarkable increase in the inflow wastewater influent? 
A: Yes.  
Q: If yes, is the activity time specific? 
A: During wet season  
 
Q: How is the sewage system designed to adapt to this situation? 
A: The penstocks at the inlet are used to regulate the flow in case of a hydraulic 
upsurge. There is a High-level flow detector at the inlet .the sensor sends a signal to the 
monitoring panel once the high flow level is detected. There is also an Emergency 
bypass in case of Hydraulic upsurge    
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Q: How is sewage sludge disposed of? (Landfill, incineration, gasification, etc.) 
A: Landfill (drying bed)  
 
Q: Does the plant experience spontaneous struvite precipitation within the pipes?  
A: No  
Q: Does the plant run a controlled struvite precipitation reactor? 
A: No  
 
Q: What are the view(s) of the WUPA WWTP on the idea that the current 
wastewater treatment approach (of nutrient “removal”) should be optimized with 
a “removal and recycling” approach?  
A: It is a welcome idea, but this is a domestic wastewater treatment plant where 
phosphate level has been moderate. (The phosphate level in the sewage is always low).  
 
A: What is the source of the energy that powers the plant?) 
A: CAT Generators (1350 kVA and 1500 kVA)  
 
Q: What are some of the local, state, and federal regulations and requirements 
that the WUPA WWTP must meet?   
A: The plant effluent should meet the following National Environmental Standards and 
Regulations Enforcement Agency (NESREA): pH: 6.5; BOD. 30mg; TSS. 30mg/l; COD. 
80mg/l; Phosphate. 5mg/l; NH4 as N10mg/l; NO3 as N 20mg/l; Total Coliform 400 
MPN/100mL  
 
Q: Have there been any recent changes in the regulation? 
 A: No. 
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Image 4: Pelletized sewage sludge.  
 
Dry, easy to handle, and can be applied 
directly to the soil without any requiring 
further processing. 
7.1.4. Connection and Disparities, Bjergmarken vs. Avedøre. 
From a P recycling point of view, the Roskilde WWTP has invested much time and 
resources (drying and pelletizing) into ensuring easier handling (see image 3) of sludge 
for use on farms. On the other hand, the Copenhagen sewage treatment work does not 
recycle P at this time, sludge generated from the wastewater treatment process is 
incinerated at the facility. The resulting ash is deposited at a dumping site within the 
facility 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Recycling P through sewage sludge use is an advantage for the nutrient recovery 
agenda. The treatment plant gains by efficiently disposing of their sludge, the farmer 
gains by receiving extra nutrients for their soils, and the process provides jobs and 
income for intermediary environmental companies involved in sludge distribution to 
farmers.  
 
The disadvantage, however, is that while sewage sludge use entails recycling and is 
commendable, it is necessary to acknowledge the reality that the total content of 
sewage sludge is not fully understood in its entirety. The downside of using sewage 
sludge on agricultural fields is its volatility and the restrictions that occur when the 
 52 
contamination levels (of heavy metals) are high. The content of sewage sludge must 
first be ascertained before it can be disposed of effectively. An increase in the standard 
threshold for heavy metal content in sewage sludge can prevent it from being used in 
agriculture. An interesting example is the recent (12/2015) spike of cadmium found in 
the Bjergmarken sewage sludge; the informant asserts that the sludge cannot be 
distributed to farmers and will be disposed of via other means. The reliance on sewage 
sludge for p - recycling is vulnerable, as the behavior of industries and users cannot be 
totally controlled. Hypothetically, an uninformed citizen that decides to dispose of some 
unused paint by emptying a bucket (or two) into their toilet cistern can ultimately 
contribute to high cadmium contamination level in sewage sludge. 
 
Also, there is a cause of concern regarding the possible adverse effect of other 
chemicals (from industries) present in urban wastewater that is not looked out for by the 
treatment works. In 1997, the Danish authorities outlined the cutoff criteria for some 
main organic pollutants in sewage sludge including LAS (Linear Alkylbenzene 
Sulphonates) - used in detergent production; DEHP di (2-ethylhexyl) phthalate - utilized 
in the manufacture of plastics; Nonylphenol - used in paint and pesticide production 
among others; and PAHs (Polycyclic Aromatic Hydrocarbons) - PAHs are produced due 
to incomplete combustion of organic matter. The criteria for heavy metals (Mercury, 
Cadmium, Nickel and Lead) were also reiterated. While the toxicology information of 
individual chemicals currently in use is known, the possible cocktail effects (potential 
risk a mixture of the chemical might pose) of such chemicals have not been completely 
taken into consideration. Chemical mixture toxicity is not implemented to a higher 
degree within the European REACH (Registration Evaluation and Assessment of 
Chemicals) chemical regulation (Syberg, 2009). While there exist well-established 
mixture toxicity models (C.A - Concentration Addition, and I.A - Independent Actions) 
that can be used for mixture toxicity prediction within REACH, Syberg (2009) finds that 
a lack of awareness among policy stakeholders is a crucial reason for its absence in the 
chemical regulation discussion.  
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 Furthermore, Kristian Syberg, a chemical biologist, advocates an update of the Danish 
sewage sludge regulation to include some new chemical since most of the chemicals 
outlined in the legislation are legacy chemicals that are obsolete and less in use. 
Subsequently, PBT (persistent, bioaccumulative, and toxic) chemicals are particularly of 
concern, and an example is the brominated flame retardant (BFR). Brominated Flame 
Retardants (BFRs) are chemical compounds used in the production of electronic 
equipment, plastics, paints, furniture textile and a wide range of other application to 
avoid ignition and hinder fire growth (Jensen et al., 2012). For example, in electronics 
(like computers) BFR functions to prevent devices from bursting into flames due to 
overheating. As electronic devices continually shrink in size over time, their capacity to 
eliminate heat reduces; and BFR chemicals are used to increase the temperature at 
which the devices burst into flames. PBT chemicals are of concern because of their 
CMR (carcinogenic, mutagenic, and affects reproduction) properties. Nevertheless, a 
Danish Environmental Protection Agency report (Jensen et al., 2012) assessed the 
potential risk of BFR to soil ecosystem and organisms. The study concludes that if the 
current sewage sludge guidelines are followed, the levels of BFR found in Danish 
sewage sludge is very unlikely to pose a significant risk to soil quality and its dwelling 
organisms. In a like manner, a mammalian toxicology and human exposure to the 
2,2',6,6'-tetrabromo-4, 4'-isopropylidene diphenol (Tetrabromobisphenol A, TBBPA) 
flame retardant concludes that TBBPA is not endocrine disruptive, contrary to the 
domineering view. Furthermore, TBBA is not bioaccumulative as the substance was 
quickly excreted from mammals, and the concentrations of TBBPA found in measured 
human serum, diet, and house dust samples were significantly low (Colnot et al., 2014). 
While the debate on the toxicology of BFR is swaying, the knowledge on the ‘mixture 
toxicity’ of such chemicals will enable policymakers to make more informed decisions.  
There are also legislative bottlenecks that affect the use of sewage sludge as a soil 
amendment with regards to the type of crops that can be grown on a sludge-amended 
field. Firstly, sewage sludge cannot be used for organic farming; secondly, the use of 
sewage sludge in Danish agriculture is only suitable for certain crops. The end user 
informant gave an example of legislation that permits a sugar beets farmer to use 
sewage sludge freely but must wait for five (5) years without using sewage sludge if 
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Image 5: 
Incinerated 
Sludge Ash. 
 
The orange 
color is due 
to the iron 
chloride 
present in 
the ash. 
they (the farmer) choose to cultivate potatoes. This legislative obstacle makes the use 
of sewage sludge impossible for all crop farmers. To get back to the point, the use of 
sewage sludge is problematic and, therefore, requires an efficient, and safer alternative. 
 
Contrarily, the incineration of sewage sludge does not contribute to the P recycling 
agenda. When sewage sludge enters an incinerator reactor, a spontaneous reaction of 
paralysis happens when the particles reach a temperature of 300°C. This process turns 
sewage sludge into char by evaporating all the volatiles (organic) and some inorganic 
substances. During sewage sludge incineration, much air is introduced into the reactor 
and the temperature is also increased, this converts the particles into vapors, gasses 
(Methane, CO, CO2, Water, and Hydrogen) and ash (See Image 4). The gasses usually 
remain fixed. However, large quantities can be cooled down to form bio-oil or tar. The 
WWTP goal of sewage sludge incineration is to reduce the volume of sewage sludge; 
the process of incineration can reduce sewage sludge to ashes that are less than 
twenty (20) percent of the original volume. The thermal process expert informant 
confirms that various techniques can be used to isolate the phosphor from the ash, 
some preliminary test has shown that the incinerated sewage sludge ash can be used 
directly as fertilizer. However, the presence of heavy metals poses a challenge. Iron-
phosphate is hard to dissolve in nature but is easily oxidized.  
 
The upside to this approach can be regarded 
as P accumulation for potential future use, as 
technology develops. The electrodialytic (ED) 
extraction of P from ash is a promising 
technology (Viader et al., 2015) that focuses on 
separating P from incineration ashes. Another 
advantage of incinerating sludge is that it 
eradicates some health and environmental 
problems by destroying toxic organic chemicals 
and pathogens found in sludge. The downside 
to sewage sludge incineration, besides the 
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noticeable loss of P resource, is that incineration generates greenhouse emissions into 
the air, water, and soil. It is interesting to note that sludge incineration is one the most 
general method of sludge disposal globally (Fericelli, 2011).  
 
From a mechanical point of view, both sewage treatment works employ the use of the 
BIO-DENIPHO alternating denitrification and aeration tank technology. Also, both 
treatment plants contribute to energy (district heating, and electricity) generation with 
biogas from sludge digestion. 
 
From a design point of view, the Copenhagen WWTP can be seen as more charming, 
compared to the Roskilde WWTP. However, both WWTPs are equipped with the basics 
components of a sewage treatment works including the screening and grit and grease 
chambers. Anaerobic, denitrification and aeration tanks are also part of the components 
at both WWTP, including the clarifier basins. 
 
From an operation process point of view, wastewater first goes through the screening, 
and onto the grit and grease chamber at both sewage treatment works. However, at 
Bjergmarken, wastewater from the grit and grease chamber flows into the anaerobic 
tank while at Avedøre wastewater from the grit and grease chamber flows into a 
sedimentation tank before it is pumped into the anaerobic tank. At both STW, 
wastewater from the anaerobic basin flows into the denitrification tank, and 
consequently to the aerobic tank. Wastewater from the aerobic tank is pumped into the 
clarifier where P is precipitated using chemical salt. Image 5 shows how the iron 
chloride makes wastewater clear in the clarifier tank at Bjergmarken WWTP. At 
Bjergmarken P is precipitated with iron chloride while, at Avedøre, P is precipitated with 
both iron chloride and aluminum salts. This process makes the wastewater clear and 
thus pumped out into the receiving body. The slurry separated from the wastewater first 
goes through a centrifuge where it is thickened before it is further pumped into the 
anaerobic digester. Both WWTPs have sewage sludge digesters; however, the 
digesters at Avedøre are larger and have a better aesthetic value. See Image 6, 7, 8, 
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and 9. Overall, both plants can meet the requirements of nutrient removal from 
wastewater. 
 
 
  
  
  
 
Image 6: The clarification process is visible. 
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Image 7: Side view of anaerobic digesters at Avedøre WWTP 
Image 8: Aerial view of digesters at Avedøre WWTP. 
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Image 9: Digesters at Bjergmarken WWTP. 
Image 10: Aerial View of Digesters at Bjergmarken WWTP 
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7.2. Present Condition. 
7.2.1. Policy 
Presently, regarding the ownership policy, the studied WWTPs are publicly owned by 
municipalities and are not geared towards profiteering as they are focused on meeting 
the sanitation objectives. Needless to say, this factor may conflict with or influence the 
incentives for the decision-making members of the organizations to make the necessary 
financial investment required for the P recovery technologies. The challenging question 
of how a non-profit oriented business (owned publicly by the municipality) will make 
changes that will partially support the P recycling agenda, and make profits on the side, 
is one that must be answered in the discussion on the sewage treatment paradigm shift.  
 
Momentarily, the policy discussion on recovered nutrients (P, in this case) revolves 
around the EU chemical registration (REACH - Registration, Evaluation, and 
Assessment of Chemicals) and EU fertilizer regulation. Currently, the EU legislation on 
recovered nutrient (including struvite) is not clear. Struvite producers are responsible for 
the decision whether or not to register a dossier with ECHA (EU Chemical Agency), 
under REACH (ESPP, 2015). 
 
Part of data collection on policy involved attending a conference on Bio-Nutrient Circular 
Economy, and interviewing two selected participants. The conference was organized by 
ESPP (European Sustainable Phosphorus Platform). ESPP was formed by 150 
organizations in March 2013 with a defined long-term vision for P sustainability in 
Europe. The organization’s objectives are to share knowledge; network and transfer 
experience on P management and contribute to policy proposals among other goals.  
 
ESPP members include a broad range of stakeholders in the P recycling agenda; they 
include P mining and processing companies, water and waste treatment firms, 
agriculture, food and feed companies, P reuse and recycling, governmental 
organizations, NGOs, knowledge institutions and innovation and technology providers. 
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Momentarily, regarding recovered nutrient registration, Article 2(7)d of REACH 
“Guidance on waste and recovered substances” states that: “The following shall be 
exempted ... (d) substances, on their own, in preparations or in articles, which have 
been registered ... and which are recovered in the Community if: (i) the substance that 
results from the recovery process is the same as the substance that has been 
registered ...” (ECHA, 2010 p2) 
 
ESPP (2015) argues that the interpretations of the REACH article, regarding some 
recovered nutrients, are not clear. However, the EU Commission confirms that if a 
producer has registered a recovered substance, another company producing the same 
recovered substance would not be obligated to register. A German company (Berlin 
Wasser) has registered a dossier for struvite, and is willing to provide the “dossier 
access” to other struvite producers for a fee; based on the amount of struvite produced 
by the company. 
 
Furthermore, the ESPP conference reveals that a revised EU Fertilizer Regulation will 
be published between January and February of 2016, and will cover both inorganic and 
organic fertilizers, and soil improvers. The revised regulation is expected to include 
criteria for recovered nutrient products, including struvite, ashes, and biochar. 
 
On a personal note, a semi-structured interview with two participants (Koen Van Keer, 
and Robert de Graeff both from Belgium) revealed some of the challenges associated 
with P recycling from urban areas.  
 
Mr. Koen Van Keer appears to have some concerns about the value of struvite, its 
solubility, and plant availability. Struvites are classified as ‘slow-release’ fertilizers 
because they take a longer time to dissolve, for the P compounds to become plant-
available. He insists that farmers are reluctant to pay a premium for the product 
because of its slow-release characteristic. 
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Mr. Robert de Graeff points out that farmers cannot afford to have their fields do nothing 
for three years while they wait for the struvites to assimilate slowly into the ground. Mr. 
Van Keer further talked about regulatory challenges. Since struvite is recycled as a 
mineral, another challenge is the mineral-fertilizer regulation constraint. For good 
reasons, the fertilizer industry is heavily regulated, and producers who do not comply 
with the provided requirements for NPK (Nitrogen-P-Potassium) measurements get 
fined. Furthermore, organic-contaminant concerns pose a challenge for recovered 
organic nutrients like sewage sludge, for example. Micro-plastic, Xenobiotic, and other 
potentially harmful chemicals are present in sewage sludge, depending on some 
characteristics (for example, type of industry) of the urban area. 
 
On an international level, Switzerland has become the first EU country to make P 
recycling from sewage sludge, and abattoir waste obligatory. This new regulation came 
into force on 1.1.2016 with a transition period of ten years. It is noteworthy to add that 
Switzerland prohibited the direct use of sewage sludge in 2006, in a bid to work towards 
the new obligatory recovery regulation (ESPP, 2016). 
 
7.2.2. Farmer 
The P recovery agenda also include farmers, who are end users of recycled nutrients. A 
semi-structured interview was set up with a former Danish farm manager, Erik Borup. 
He managed the activities of Ryegaard farm (Roskilde) for seven years, within which 
the farm received sludge for five years. He is currently a Project Leader at 
HedeDanmark A/S. The following conversation ensued during our interview: 
 
Q: What kind of crops do you produce? 
Answer: Wheat (mainly winter wheat, and some spring wheat), Barley (winter and 
spring), Rye Grass, Rye, Canola Seed, and Oats. 
 
Q: Have often is fertilizer applied on the field? 
Answer: Application rate depends on the kind of crop. However, it is applied on an 
annual basis. Wheat: little fertilizer is applied in the autumn season, and two to three 
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times during the spring season. Spring Barley: One or two application during the spring. 
Winter Barley: Twice during autumn. Rye Grass: Fertilization is done all at once in the 
spring, and once in autumn, and twice in spring. Canola: Twice in the autumn, and three 
or four times in the spring. Oats: The same as the spring barley. 
 
Q: Since when did you start applying sewage sludge on the field? 
Answer: Started sewage sludge application in 2010. 
 
Q: Besides sludge, do you use other soil amendments and chemical fertilizer on 
the farm? 
Answer: Normally the NPK fertilizers are used. 
 
Q. Do you notice any difference between the fertilizer and sewage sludge, and 
which of them would you choose if you had to? 
Answer: The effects of chemical fertilizers are noticeable almost instantaneously. The 
impact of the sewage sludge release very slowly and shows up over two years. The 
calculated amount of nutrients expected from sewage sludge does show up; however, it 
happens very slowly. 
 
Q. Even though the technical experts have checked for heavy metals, and other 
organic contaminants, do have any concerns about the possible chemical 
contaminants that might be in the sludge? 
Answer: No. We trust the law and the experts, as well as the limits they have set for the 
various contaminants in the sludge. Although some people have been discussing the 
potentials of chemicals, hormones and other metals that might be in the slurry. 
Nevertheless, we have no problems applying the slurry on the field. 
 
 
Q: How much do you pay for the sludge? Do you get paid to receive the sludge? 
Answer: The farm was paid to receive the sludge. The amount paid was on a per 
hectare basis, 500 DKK per hectare. 
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Q: If the sludge is refined, and checked for other possible contaminants, will you 
be willing to pay a premium price for the sludge? 
Answer: Yes, and No. Yes, if organic farmers were allowed to use sewage sludge on 
their fields, they would pay for it because they need the nutrients (Nitrogen and P) in the 
sludge, more than conventional farmers do. Some farmers get 0 bonus per hectare for 
spreading sewage sludge on their fields. The one factor that will drive the farmers to pay 
a premium for sewage sludge is a change in the current sewage sludge legislation due 
to some restrictions. 
For examples, sugar beet farmers who wish to grow potatoes in their field (that has 
been conditioned with sewage sludge) has to wait for their farm to go five years 
sewage-sludge free before they can be permitted to cultivate potatoes on it. Besides 
adjusting the law, another incentive that could drive farmers to pay a premium for 
sewage sludge is a significant reduction in the foul smell. 
 
Q: Have you heard about struvites? 
Answer: Yes, we have heard about it. 
 
Q: If yes, have you considered applying struvite on your soil? 
Answer: No we did not. It was a rather new product, but we did not talk about it. 
 
Q: At the moment, are you concerned about the possibility of future chemical-
fertilizer scarcity? 
Answer: The greatest concern right now is that phosphor is non-renewable, and we 
may run out shortly. Another concern is that due to limited availability, the price might 
skyrocket. Another nutrient like nitrogen is available, but P is the primary concern. 
 
 
On another level, it is important to note that some local farmers used to get paid to 
receive untreated sewage sludge, now they do not get paid to receive refined (dried and 
pelletized) sewage sludge. The WWTP only pays for the logistic cost of handling the 
product though private third party companies (T. Ericsson 2015, pers. comm., 17, 
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December). This dynamic at play will influence the decision of the farmer’s to pay a 
premium for recovered nutrients. While WWTPs are encouraged to make resource 
recovery changes, it is necessary to consider the level of value of the interest of the 
users of the finished products. 
 
 Although this study reflects on the possibility of knowledge transfer to a Nigerian case, 
it is beyond of the scope of this study to discuss the Nigerian farming situation and the 
use of recovered phosphorus by farmers in the context.  
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7.3. Novel Possibilities 
7.3.1. Incineration and Gasification. 
Incineration is one of the most common methods of sewage sludge disposal and is the 
method of sewage sludge disposal at Avedøre WWTP and Bjergmarken. The main 
difference is that Avedøre WWTP incinerates sludge at a high temperature to produce 
ash while Bjergmarken incinerates/dries sludge at a low temperature before it is 
pelletized.  
A semi-structured interview with an 
incineration expert, Tobias Thomsen, at 
the Danish Technical University (DTU) 
provides a specialist perspective on 
handling sewage sludge via thermal 
processes.  
 
Question: What happens when sewage 
sludge is incinerated, and why? 
Answer: When the sewage sludge is put 
into the reactor, a spontaneous reaction 
happens when the particles reach a 
temperature of 300°C; it starts to paralyze. 
This process turns sewage sludge into 
char by evaporating all the volatiles 
(organic), and some inorganic substances. 
During sewage sludge incineration, much air 
is introduced into the reactor and the temperature is also increased, this converts the 
particles into vapors and gasses (Methane, CO, CO2, Water, and Hydrogen). The 
gasses usually remain fixed. However, large quantities can be cooled down to form bio-
oil or tar. 
 
The incineration process gets rid of the organic compounds in the sewage sludge 
besides the PAHs, most of which are produced in the thermal process. The WWTP goal 
Image 11: Dried Sewage Sludge. 
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of sewage sludge incineration is to reduce the volume of sewage sludge. They assume 
they are making long-term phosphor storage. Although there are various techniques 
that can be used to isolate the phosphor from the ash, a preliminary test has shown that 
the incinerated sewage sludge ash can be used directly as fertilizer. However, the 
presence of heavy metals poses a challenge. Iron-phosphate is hard to dissolve in 
nature but is easily oxidized. Other elements that phosphor binds to includes: Sodium, 
Potassium, and Calcium. 
 
The main driver of sludge quality is the heavy metal (including iron, and aluminum salts 
used to capture phosphate) content. Sludge derived from an EBPR (Enhanced 
Biological P Removal) treatment process stands to have more quality, than sludge from 
the chemical cleaning process. The issue of high heavy metal content: Since the 
process of cleaning wastewater was not designed for fertilizer production, the use of 
heavy metals to precipitate P poses a challenge in the residual sludge. It is cheap to 
use iron, and aluminum to capture P. 
 
Question: As a thermal process expert, what is your specialty? 
Answer: Thermal processes include combustion, incineration, gasification, and 
pyrolysis. Here, our work with combustion and incineration is limited; we’re mainly about 
gasification and pyrolysis. Although there are no clear distinctions between these 
thermal processes, and it possible for them to sometimes overlap in some sort of hybrid 
technology. Within a thermal incineration process, the fuel (sludge) is fully oxidized 
(introduce air/oxygen) at a high temperature to produce heat. During gasification, some 
parts of the plant are with reducing conditions, so instead of oxidizing the fuel (sewage 
sludge), it is first heated (to purge out the volatile organic compounds), and the reduced 
into a “char” compound. During gasification, all the volatile organic compounds in the 
sewage sludge are turned into permanent gasses with little to no tar compound, which 
makes the gas suitable for use in an engine to produce electricity.  
 
 The main focus of our work is passing sewage sludge through various thermal 
processes (fast pyrolysis, two-stage down gasification, slow pyrolysis, incineration, and 
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low-temperature gasification) to see the resulting residual compound, and determining 
how useful they can be in agriculture. The work targets the phosphor in the residual 
compound, and their solubility and plant availability. Other measurements were done on 
other agricultural characteristics of the residual compounds, like the pH of the liming 
effect, the content of potassium, nitrogen, fixed carbon, and the carcinogenic PAHs 
(Poly-Aromatic Hydrocarbon). We also examine the kind of energy products that are 
derived from the various thermal processes. The Ash from incinerated sludge is 
orange/red because the iron compounds (derived from the iron phosphates) have been 
oxidized. The pyrolysis char produced is at low temperatures, and is black due to the 
residual amount of carbon present. By pure elemental composition, the main difference 
between any two residual products is their carbon content.   
 
 
Question: What are some other options to sewage sludge incineration? 
Answer: There are other thermal processes like gasification of sewage sludge. 
However, the incineration process appears to produce the best residual content for 
plants. In some other situation, sludge pyrolysis can be done.   
 
Question: Can WWTPs become energy self-sufficient? 
Answer: I am not sure because I have not done the calculations. However, it is a 
complicated process because it doesn’t solely involve using the sludge (fuel to be 
converted to energy), the local wastewater treatment system will require a lot of 
infrastructural changes, including the introduction of a gasifier into the existing system, 
and the probable removal of the anaerobic digestion part (biogas production) of the 
plant. This will lead to the reduction of sludge (because it will be used as fuel for the 
gasifier) and elimination of the energy that would have been used for the anaerobic 
process.  
 
 Also, the activated return (sludge) process (ARP), process can contribute to energy 
self-sufficiency. The aim of wastewater cleaning is to reduce the organic content. 
Eliminating organic materials is an energy consuming process. A way to reduce the 
 68 
organic content of wastewater is to oxidize it. Oxidization is done by converting organic 
materials into CO2 and emitted into the atmosphere by using energy. In theory, the idea 
is to reduce energy consumption, maximize sludge production, to produce more energy 
and work towards energy self-sufficiency.  
 
Gasifying sewage sludge provides a financial incentive for wastewater treatment plants, 
in energy efficiency, and cuts in cost of energy. WWTPs can create their own electricity 
using a gasifier, in that, the sludge is pre-heated in the gasifier and the gases are driven 
out and fed into a boiler, which in-turn produces electricity.   
 
Question: What are your views on the potential contaminants in sewage sludge? 
Answer: It depends on the geography around the facility. Areas with more industries 
will have more chemicals running in the waste stream. The potential of cocktail effects 
can be problematic. In order to prevent the risk of groundwater contamination, other 
types/classification of contaminants should be taken into account.  
 
Furthermore, the discussion about microplastics should be taken seriously. 
Microplastics are in cosmetic products, and it accumulates in the water, soil, animal, 
and plants systems; they are so small that they move around and can come back into 
our food system. Microplastics have been found to have asbestos-like characteristics, 
which means that long-term accumulation could be toxic.  
 
Thermal processes can handle the microplastics found in wastewater, and at the 
moment, WWTPs can remove a significant amount of micro-plastic in the waste stream. 
Microplastics are moved back into the soil with the sludge. Compared to organic and 
pharmaceutical substances, microplastics can be measured-for which is a real thing. It 
means it can be tracked. The thermal processes (incineration, gasification) are methods 
that can be adopted to separate the complex compounds found in sewage sludge into 
fractions.   
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The Electrodialytic (ED) process that uses electric current to separate P from irons is 
not economically feasible but it works to an extent. The process can take out up to 70% 
of the phosphor, which appears to be more efficient in comparison to the amount of 
phosphor that struvites can produce.  
 
Question: What are some challenges that might deter the need for the paradigm 
shift in wastewater treatment?  
Answer: The cost of thermal P recovery technology will influence the paradigm shift. 
Time and competition are two factors that will influence thermal P recovery techniques. 
The various available technologies will gradually, over-time, become economically 
feasible. The pilot projects of the thermal conversion plants will cost less than the next 
projects to follow as time goes by. Competition from various developers will also 
influence the cost reduction of P recovery technologies. Phosphate fertilizer prize 
increase is another factor that will affect the thermal technologies for P recovery. The 
decrease in phosphate rock quality will also influence P recovery technology. 
 
Fericelli (2011) defines the differences, merits and demerits in a comparative study on 
incineration and gasification methods of sludge disposal. Both gasification and 
incineration can convert hydrocarbon-based hazardous compounds into simple, 
nonhazardous by-products. The process of conversion and the byproduct greatly differ. 
An advantage that gasification has over incineration is that gasification yields a 
combustible gas and a solid char by-product. Regarding emissions (of dioxins, furans, 
mercury, NOx, N2O, and CO.) gasification also has a defined advantage over 
incineration in that the cost of air pollution controls in incineration is higher. 
 
7.3.2. Controlled Struvite Precipitation in STW 
Struvite has a high economic potential for the fertilizer industry if controlled formation is 
conducted in a cost-effective manner (de-Bashan and Bashan, 2004). Managing struvite 
precipitation process within the treatment works, in a cost effective manner has 
potentials for P recycling and agriculture. The idea of controlled struvite precipitation is 
not novel, and was first developed in Japan (Ueno and Fujii, 2001). A three-year 
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experience of operating and selling recovered struvite from a full-scale struvite 
crystallization plant, within a sewage treatment work, saw a realization of struvite pellets 
ranging between 0.5 to 1.00 mm (millimeters) in size. The struvites were sold to fertilizer 
companies for 27,000 yen (approximately 1,822 DKK, rates from 08/2001) per ton, and 
used to enhance existing fertilizer for growing vegetables and flowers, among others 
(Ueno and Fujii, 2001). As aforementioned, besides ammonium and phosphates, 
crystallization of struvite requires magnesium and an elevated pH level. Municipal 
wastewater tends to be rich in ammonium and P, but lacking in magnesium. Therefore, 
a supplementary addition of magnesium (magnesium chloride or bittern) is necessary to 
increase the process of controlled struvite formation (de-Bashan and Bashan, 2004). 
      
          
 
 
 
 
 
 
 
 
 
 
 
  
The pH level of the treatment environment can be increased to the desired degree by 
introducing Sodium Hydroxide (NaOH) to the stream; the cost implication for this 
process is significant (Stratful et al., 2001). The pH level can also be elevated by an ‘air 
stripping’ process of aerating wastewater to reduce the CO2 and consequently 
Figure 21: Struvite Formation Process 
Image 12: Crystallized Struvite 
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increasing acidity (Battistoni et al., 1997). Another process used to increase the acidity 
level of wastewater stream is to use phosphate-selective sorbents to trigger ions 
exchange (Petruzzelli et al., 2003).  
 
Furthermore, the knowledge of struvite reactors is publicly shared, and full-scale plants 
exist in various countries.  
 
Figure 22: Schematic diagram of a struvite reactor. (Source: Ueno and Fujii, 2001) 
 
Optimizing a WWTP to accommodate a struvite reactor primarily requires that the plant 
has an anaerobic digester, and employs the enhanced biological nutrient removal 
(EBNR) process in sewage treatment. Struvite precipitation uses the side stream, rich in 
orthophosphates and ammonium, from the sludge dewatering centrifuge. The side 
stream is measured for required parameters (ammonia and P) as it is pumped into the 
reactor and consequently dosed with the appropriate amount of magnesium (ratio 1:1:1) 
to catalyze the crystallization of struvites. Recovering P through struvite precipitation 
does not come without challenges. Firstly, uncontrolled struvite precipitation within 
sewage treatment works is a nuisance that causes operational difficulties, as 
aforementioned. The opportunity in the problem was eventually identified, thus, the 
controlled struvite reactor. It is interesting to note that spontaneous struvite precipitation 
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does not occur in every sewage treatment works. For example, the operations manager 
of the Bjergmarken WWTP asserts that the problem of spontaneous struvite 
crystallization does not occur at their facility. This factor might affect the decision-
making process for considering the investment in a struvite reactor at the facility, 
besides the return on investment. Also, at Avedøre WWTP, the problem of spontaneous 
struvite formation does not occur. However, the interview with the informants at 
Avedøre WWTP reveals plans for plant upgrade (for viable nutrient recovery option) 
before 2025. Compared to sewage sludge, struvite contains minute traces of heavy 
metals and organic contaminants. Struvite is a clean product that is less soluble and 
regarded as a ‘slow-release’ fertilizer with a slow leaching rate. de-Bashan and Bashan 
(2004) points out that mixing struvite and phosphoric acid can result in a high-quality 
fertilizer that is both slow-release (MgHPO4) and fast release(NH4)2HPO4. Struvite can 
be applied to agricultural fields in high quantity without burning the plants (unlike 
chemical fertilizers). Struvite can be attractive to farmers that cultivate crops that also 
require magnesium, like sugar beets. Alas, from a fertilizer point of view is the relatively 
low level of nitrogen it contains, and absence of potassium. Struvite contains no organic 
matter and thus not considered as organic fertilizer. Besides the potential for fertilizer 
use, struvite can serve as material for other industries including animal feed, detergents 
and cosmetics as Gaterell et al. (2000) find. Struvite precipitation provides an interim 
solution for P recycling from wastewater treatment plant. 
 
Although the WWTPs (Avedøre and Bjergmarken) selected for this field study did not 
have struvite reactors installed in their plants, the idea already exists in some sewage 
treatment works in Denmark. An example is Aarhusvand, a leading water company 
involved in sustainable solutions for drinking water, and wastewater treatment. 
Aarhusvand operates a full-scale struvite reactor in their WWTP, and the designer of 
their struvite reactor provides experimental data on the efficiency, merits, and demerits 
of the struvite reactor. The interview with Peter Baslev went as follows: 
 
Q. Is the P-recovery plant part of an existing WWTP, or is it a stand-alone project? 
Also, What are the Project Drivers?  
Answer: The P-recovery plant is built on an existing wastewater treatment plant.   
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Regarding the driver for the project, struvites were crystallizing in an uncontrolled state 
in the system. It would scale the piping, which was a problem for plant’s functionality. 
The controlled struvite crystallization solved the challenge, and also provided other 
options. 
 
Q. How does the P-recovery plant work, from input to output? 
Answer: The P-recovery is a side stream (an internal stream in the treatment plant) 
from the sludge dewatering. As the sludge is dewatered in a centrifuge, the water that 
comes out is the side stream that is treated. The side stream has a high p-content. The 
side stream is collected in a buffer tank and then pumped to a reactor. In the reactor, 
the magnesium chloride salt is added. Struvite is a combination of magnesium, 
phosphate, and ammonia.  
 
Q. Were there any challenges when planning the design of the plant? 
Answer: The need for the struvite plant was first because struvites were crystallizing in 
an uncontrolled state in the system. It would scale and pipe, which is a problem for plant 
functionality. We wanted to make the crystallization in a controlled place. So we do it in 
the reactor.  
 
Q. What is the capacity of the plant; can it be introduced into an existing WWTP? 
Answer: Yes, if there is a digester. The reactor will work best in WWTPs with digesters. 
This is the main criterion for introducing the struvite reactor into an existing WWTP 
system.  
 
Q. Is the P-recovery technology at Aarhusvand unique and patented? 
Answer: Some specific parts of the system design are patented. However, the general 
struvite crystallization technology was developed some 20 years ago in a WWTP in 
Japan, and it is publicly available.  
 
Q. Is there or a state of the art reports on the project that I can study? 
Answer: Yes, I will send you an email with the documents.  
 
Q. Can you give me figures for the P-recovery plant’s energy consumption? 
Answer: Yes. The total energy consumption for the P-recovery reactor is approx. 100 
kWh/day. The total energy consumption for the WWTP is 8000 kWh/day. Biogas is used 
for heating (not for power production), and the plant is not self-sufficient in energy  
 
Q. Can you describe the REACH (EU chemical registration) regulation situation? 
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Answer: It is a complicated area that involves many politics. At this time, the 
registration system for recovered bio-nutrient is not uniform across the EU. They EU is 
currently working on a simple and clearer framework regarding recovered phosphor 
which will indicate struvite classification. The political discussion points to the fact that 
animal manure, even though it contains more xenobiotic and bacteria, is not regulated 
as sewage sludge. At this time, different countries handle recovered phosphor in 
various ways. Aarhusvand has done a national registration which has issued a permit 
that states that struvites from the plant are not classified as a waste. It is considered as 
a nutrient, and can be used and sold as any artificial nutrient and fertilizer. It takes much 
documentation and analysis to get to this point.  
 
Q. Future Plans of Expansion or Upgrade. 
Answer: Using the same principles, Aarhusvand plans on building more P-recovery 
plants in other Wastewater Treatment Plants.  
 
Furthermore, the WWTP are not the only stakeholders involved in urban P recycling. 
While inculcating struvite reactors into a sewage treatment work does contribute to the 
P recycling agenda on a centralized large scale, there are options for nutrient recovery 
in urban areas on a smaller decentralized scale. The options range from composting 
food waste to separating urine from faeces. This study briefly explores the decentralized 
recycling option of urine separation at source. 
 
7.3.3. Urine separation at source. 
Following from the historical and theoretical discussion of urine use, outlined in the 
theoretical framework chapter of this paper, the concept of urine diversion draws upon 
the empirical case from Munksøgård. Munksøgård is an ecological community in 
Trekroner, Roskilde. Munksøgård is a green initiative with 100 homes housing both 
youths and seniors and operates a decentralized sewage treatment system. The 
residents of the community use urine diversion toilets along with other (composting, and 
heat generation) sustainable living ideas. Munksøgård collects urine separately in an 
underground storage tank, which is eventually spread on nearby agricultural fields. The 
faeces is stored in a septic tank and treated onsite with a sand filter percolation system. 
A sand filter sewage treatment system comprises of several slabs of graded sand. 
Wastewater flows evenly over the surface of the filters and then percolates through the 
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sand, where it undergoes a biofilm treatment within the system. Effluent from the sand 
filter system can be clarified to the required standard.  
 
The Munksøgård UD case is an example of a decentralized nutrient recovery option that 
is viable in urban areas. UDTs are not the conventional type of toilet in use today, and 
will require some level of awareness and training among users for it to be adopted on a 
wider scale. UD toilets are of various kinds and have their advantages as well as 
disadvantages. 
 
Image 13: Urine Diversion (UD) Toilet at 
Munksøgård.  
 
The toilet bowl is divided into two sections, 
urine is collected in the front and faeces are 
gathered in the back.  
 
The urine is gathered without water, 
however when the toilet is flushed, a little 
amount of water is used to rinse the urine-
collection bowl.  
 
The relevance of the novel opportunities in 
the study areas varies. In Avedøre WWTP, 
an incineration system already exist, 
however, it could be upgraded to become a gasifier. Gasification can be used to 
eliminate heavy metals and volatiles from sewage sludge before it is returned to the 
agricultural system. Also, the treatment process at Avedøre could be handled with less 
iron salt phosphor precipitation, and a struvite reactor can be implemented in the 
system. Bjergmarken WWTP operates a thermal sludge drying process that could also 
be upgraded to become a gasifier, and a struvite reactor can also be included in the 
system. In the Wupa WWTP, gasifier and struvite reactors can be incorporated into the 
 76 
existing system. However, an anaerobic digester needs to be added first, before the 
struvite reactor can be installed. Since UDT require infrastructural amendments, it may 
be more feasible to install UDTs in developing urban areas instead of already existing 
ones. 
 
7.4. Knowledge Transfer to Wupa WWTP. 
This section theoretically discusses the likelihood of knowledge transfer to a sub-
Saharan African country. The general section of this paper provides some hypothesis 
on the criteria for successful knowledge transfer. Using the key variables outlined by 
Cummings and Teng (2003) in their process model theory, the prospect of knowledge 
transfer requires an understanding of the current status of the knowledge receiving 
organization (Wupa WWTP). Section 7.1.3 provides an overview of the treatment 
approach employed at the Wupa WWTP.  
 
An understanding of the knowledge to be transferred, and the degree to which both 
parties (knowledge source and receiver) share related knowledge bases are among the 
key factors that influence the outcome of knowledge transfer. Furthermore, the level of 
interaction between both parties, and the participatory process through which the 
knowledge is transferred are both equally just as important. Applying this principle to the 
case study, there are various proficiencies from the Danish wastewater treatment 
system that can be transferred to the Nigerian context. Denmark, over time, has 
developed (through legislative and technical inputs) to treat wastewater efficiently. 
Although some of the current conventional sanitation treatment method (iron salt 
precipitation, and incineration) mostly make nutrient non-plant available, there are still 
opportunities for upgrading the Wupa WWTP in Abuja. From the interview with 
informants at the WWTP, there appear to be proposals for a future upgrade of the plant 
to include primary clarifiers and anaerobic digesters, both of which are present in the 
Danish system. Also, from the Danish context, the knowledge, and technology on 
controlled struvite precipitation can be introduced in the Wupa WWTP. Drawing on the 
information from Peter Baslev (Aarhusvand), it is necessary for the Wupa WWTP first to 
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be upgraded with an anaerobic digester before a struvite reactor can be included in the 
plant. 
 
The availability of local experts at the receiving organization increases the success of 
knowledge transfer. The Wupa WWTP houses experts on wastewater management and 
thus share a similar knowledge base with the Danish system, which is another 
argument for knowledge transfer. Important to note also is that the learning culture and 
communication structure (horizontal or vertical hierarchy) of Wupa WWTP will contribute 
to the outcome of knowledge transfer from the Danish knowledge source. Another 
relevant attribute of the Danish context that can be transferred to the Nigerian context is 
the use of regulatory tools to gravitate the wastewater management paradigm towards a 
plant of the future. Another argument for knowledge transfer of the Danish context to the 
Nigerian case is the high potential for local knowledge transfer to other cities within the 
country. 
 
Moving forward, the discussion section includes a critical discussion of the barrier and 
chances of the success of knowledge transfer from the Danish case to the Nigerian 
context. 
 
8. DISCUSSION. 
 
Providing a workable answer to the problem question requires an understanding of the 
Danish urban system and the areas where the nutrients are concentrated. This study 
focuses on the liquid waste streams in cities, and WWTPs that control the mechanical 
process for nutrient recovery in sewage management. Denmark has a sophisticated 
wastewater treatment tradition that has developed over time. It is safe to conclude that 
the stiff Danish environmental regulations, especially regarding controlling pollution in 
natural water bodies, have contributed to the success story of wastewater treatment in 
Denmark. 
This study has learned about the Danish approach to sewage treatment and the idea of 
resource recycling from wastewater. Momentarily, there is a growing interest in 
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changing the present wastewater treatment approach of nutrient-removal to a model 
that comprises of nutrient removal, nutrient recycling, and energy efficiency. The Water 
Environment Research Federation (WERF, 2010) insist on the need for movement from 
best practices to the plant of the future, where facilities are energy independent and 
accommodate nutrient recovery among their core functions. 
 
 The latter model promotes the recovery of nutrients and is not currently the de-facto 
standard for wastewater treatment in the plants selected for this study. Nevertheless, 
the sewage treatment approach of inculcating nutrient recovery options is in effect in 
other treatment plants (Aarhusvand) in Denmark. The lessons learned from this 
research shows that the Danish WWTP operators are aware of the call for a shift in the 
treatment models, and are working towards making the transition. 
 
 Although Avedøre WWTP does not recycle nutrients from their treatment process, one 
can argue that there is an accumulation of P in the incineration ash, which can 
potentially be tapped in the future. Bjergmarken WWTP makes a conscious effort to 
recycle nutrients by making sewage sludge more appealing for use, through drying and 
pelletizing. Within both cases, there is room for optimization, from a P recovery point of 
view. While the idea of shifting treatment paradigm is theoretically inviting, it is 
necessary to anticipate and brace for the possible challenges that will come with the 
change.  
 
 From the research, it is clear that struvites hold a significant potential for the recycling 
of P in WWTPs. As aforementioned in previous chapters, struvite can be a nuisance in 
some sewage treatment works if it precipitates spontaneously within the pipe. 
Controlled struvite crystallization is an option that can be adopted by the studied 
WWTPs to achieve the nutrient recycling goals. A plant of the future that is optimized for 
both nutrient removal and recovery will include a struvite reactor, alongside a gasifier. 
Peter Baslev, the designer of the Aarhusvand reactor, confirms “the [struvite] reactor will 
work best in WWTPs with digesters”. Avedøre and Bjergmarken WWTP both have 
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sludge digesters, and thus, possess the fundamental criterion for controlled struvite 
crystallization. 
 
Figure 23 and 24 provides an overview of a future wastewater treatment process in the 
studied area Avedøre and Bjergmarken WWTP that includes a struvite reactor and a 
gasifier. The side stream from the sludge dewatering centrifuge is fed to the struvite 
plant while the pH is adjusted, and dozed with magnesium.  
 
Although the application of sewage sludge to farm soil is controversial due to the 
presence of potential contaminants and has been banned in some countries 
(Switzerland, for example), it is necessary to consider the option of sludge optimization. 
Even though Incineration extinguishes the volatile compounds (xenobiotic, organic 
contaminants, and micro-plastic among others) present in sludge, the residual 
compound can be problematic if the treatment process involves the use of iron salts 
(iron chloride and aluminum). Most WWTPs are not privately owned and profit oriented, 
thus, they can be frugal in their spending decisions, and the precipitating phosphor with 
iron salts is a cheap and efficient way of treating wastewater. Gasification could provide 
an option for sludge improvement as Tobias Thomsen explains, “all the volatile organic 
compounds in the sewage sludge are turned into permanent gasses” during 
gasification. The residual compound from sludge passed through a thermal process 
depends on the level of heat applied. 
 
Gasification also has its disadvantage over incineration because Tobias asserts, 
“incineration process appears to produce the best residual content for plants.”  Without 
a clear advantageous method of handling and optimizing sewage sludge, struvite clearly 
holds a potential solution. Although gasification and incineration are both thermal 
processes, there are some differences in how they function. Within incineration, sludge 
can be wet or semi-dried, depending on the kind of furnace (Multiple hearth furnaces – 
MHF, or Fluidized bed combustor - FBC). While sludge gasification requires that the 
water content be removed from the sludge as moisture, sludge must be dried.  
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Figure 24: Potential Future Overview of Bjergmarken WWTP. 
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Incineration process uses more oxygen while gasification uses less. Treated flue gas 
from incineration is discharged into the atmosphere while treated syngas from 
gasification can be used for chemical and power production. The byproduct of 
incineration is a bottom and fly ash and process water (from air pollution control) while 
the byproduct of gasification is glassy slag, char and process water. Ash is disposed of 
as landfill while slag can be used in construction materials. As previously pointed out, 
the cost of pollution control in the gasification process cost less than the cost of pollution 
control in incineration. 
 
Cities have sprung up over time, and will continue in the same light based on the UN 
future projections. Planning future cities will require robust, sustainable solutions, 
including sustainability in waste management. Nowadays most cities are retrofitted with 
the conventional flush cisterns and have centralized solutions for wastewater 
management. However, most of the future urban areas are projected to emerge in 
developing countries. Infrastructural development (central sewer network) is minimal in 
developing countries; therefore, it is prudent to consider effective decentralized 
solutions for wastewater management and P recycling. The benefits of including urine 
diversion toilets (UDTs) in future cities outweigh the disadvantage of human adaptation. 
Urine is essentially sterile, and can be used directly if stored properly. During urine 
storage, the nitrogen content transforms into ammonium, thus giving urine similar 
properties of chemical fertilizers. Urine contains the main macronutrients in wastewater; 
diverting urine at source will lead to a reduction in the use of iron salts for P precipitation 
in STWs. The Danish Munksøgård ecological community case, approved by the 
Roskilde municipality, is an example of a decentralized nutrient recovery option that is 
viable in urban areas. Based on the status quo of the case study cities, applying UDTs 
can take two forms including sensitizing the people in existing urban areas about the 
nutrient possibility in UDT systems, and setting up UDT systems in future urban areas. 
The primary disadvantage of UDTs in urban areas is the significant reduction of the P 
content in wastewater. Within this study context, the urine discussion is crucial because 
of the potential use of urine in the P recycling agenda. Urine use has been gaining 
popularity as a resource for organic farming (Karak and Bhattacharyya, 2011).  
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This master study provides knowledge and applicable promising ways of dealing with P 
recovery. The discussion on the possibility of knowledge transfer from the lessons 
learned in the Danish cases, to the sub-Saharan African case (Abuja) is 
multidimensional. This study argues that the Abuja city scenario might require solutions 
that may be local and decentralized (e.g. UDTs). However, the discussion on 
knowledge transfer focuses on transferring what is relevant from the Danish WWTP 
cases to the Nigerian WWTP. The spotlight of the discussion is in urban areas and 
central solutions. This study does not have the time, resources and capacity to discuss 
the possible decentralized solutions in detail; however it could be relevant for future 
work. From the Danish context, the anaerobic sludge digesters, struvite reactor and the 
gasifier can be introduced to the Wupa WWTP. 
 
Information from one of the informants (Mr. Abdul Yahaya) at the Wupa WWTP reveals 
that the plant currently operates at 30% capacity. He further reveals that due to energy 
generation challenges in Nigeria, the plant is forced to generate their electricity using 
diesel powered CAT generators. It is interesting to note that of the three screw pumps 
installed at the factory, only one is operational, the plant is only able to operate two of its 
six aerated tanks, and two of its six clarifier tanks. The plant has twelve aerators; 
however, only two is operational due to energy shortage. 
 
Furthermore, the sludge quantity produced at the plant is minimal compared to the 
design capacity, since the factory’s commission in 2011 the sludge has been evacuated 
three times. Surprisingly, Mr. Yahaya states that the phosphate level in the sewage 
influent is minimal (probably due to the separate sewer system in use in Abuja he 
assumes). In all, the Wupa plant meets the requirements for phosphate, nitrate, and 
BOD removal. 
 
With this in mind, the lessons learned from the Danish tradition setup that can be 
applied to the Wupa case are diversified. From the questionnaire, the informant 
mentioned that future plant upgrade involves installing an anaerobic digester, and a 
primary clarifier. Onyenobi et al. (2013) ran a lab-scale ultrasound digestion experiment 
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using sludge from Wupa WWTP and conclude that biogas was produced in two 
digesters (one with and the other without ultrasound treatment). They recommend that 
an anaerobic digester be incorporated into the Wupa WWTP. Figure 25 depicts a 
potential future overview of the Wupa WWTP with some transferred technology. 
 
There are drawbacks and possibilities to successful knowledge transfer from the Danish 
context to the Nigerian case. The availability of local experts at the Wupa WWTP 
provides an opportunity for successful knowledge transfer. Sharing a similar knowledge 
(wastewater management) base with the Danish scenario also provide another 
opportunity for successful knowledge transfer. The current technical and treatment 
capacity (700,000 PE) of the Wupa WWTP suggests an ambitious setting for treating 
wastewater. 
 
 The knowledge transfer theory postulates that Knowledge transfer success increases 
as the project priority increases. The project in this study is the recovery of P from urban 
wastewater, and based on the data from the informants at the Wupa WWTP recovering 
P is not a priority of the Wupa WWTP at the moment. Both informants confirm that there 
are low levels of phosphate in the wastewater influent; this factor alone reduces the 
incentive for investing in P recovery due to a foreseeable unprofitable outcome. 
Furthermore, the sewer network for the case study city has not been fully developed, 
and some industries (e.g. food processing) are yet to be connected. 
 
 The challenge of energy shortage at the Wupa WWTP is crucial. Without the adequate 
power to run the technologies to be transferred, the purpose of transferring will be 
defeated. However, investments in sustainable energy self-sufficiency solutions may be 
highly prioritized. Over time, in various phases of transfer, the P recovery technologies 
can be gradually integrated into the Wupa WWTP system.  
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Figure 25: Potential future overview of Wupa WWTP 
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Gasification provides an opportunity for the Wupa WWTP to produce energy. However, 
the low sludge (fuel for gasifier) production at the Wupa WWTP presents some 
concerns. Without having a sustainable energy system in the Wupa WWTP to run the 
plant at full capacity, it will not be realistic to invest in P recovery technologies, as there 
will not be any real economy in the setting. 
 
 Another possible drawback to successful knowledge transfer from the Danish source to 
the Nigerian receiving context is the availability of manpower to operate, and maintain 
transferred technology. A stable system with minimal downtime will require qualified 
manpower. Since the knowledge transfer model suggests that knowledge transfer 
success increases as the number of transfer actions increases, it could be argued that 
the technical know-how to run the transferred technologies can also be delivered to the 
Wupa case over time. Also, considering that central sewer network infrastructure is 
lacking in most of Abuja, UDT systems could be implemented in developing suburbs. 
 
Research and data on the Wupa WWTP are generally lacking, and the knowledge 
transfer discussion has been purely theoretical drawing on data from an interview with 
informants at the receiving organization and lessons learned from the knowledge 
source. Knowledge transfer is a process involving multiple stages, and knowing the 
priorities of the Wupa WWTP will determine which knowledge will be transferred first. 
One hypothesis suggests that technology (gasifier) that will lead to energy sufficiency 
may be prioritized over a P recovery (struvite reactor) technology. Future studies can 
look into this. 
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9. Conclusions and Perspectives. 
Recycling P for application in agriculture is not a novel idea. In Rural areas, farmers 
apply animal excreta on the field for nutrients. In urban areas, however, human excreta 
(containing P) is processed at wastewater (sewage) treatment plants. Although the 
primary goal of wastewater treatment is environmental protection (to avoid 
environmental pollution like eutrophication), and public health concerns (the spread of 
diseases), the call for a shift in paradigm emphasizes on nutrients (P) recovery from the 
wastewater treatment process. There are various ways through which wastewater can 
become resourceful. 
 
 At Avedøre WWTP, there is no struvite precipitation process, the sludge produced from 
the wastewater treatment process is incinerated and the ash is deposited on site within 
the facility. Therefore, momentarily, there is no option for nutrient recycling at the 
WWTP. Discussions with the interviewees’ show that the drivers of the current WWTP 
model in use at the site do not entail nutrient recycling. However, the experts at the 
facility are aware of the call for a paradigm shift, and some future expansion plans aim 
to incorporate one or more methods of nutrients recovery in the overall cleaning 
process. The interviewee indicated that BIOFOS A/S intends to make the upgrades 
before 2025. 
 
 At Bjergmarken WWTP, the provision for P recycling is currently being done via 
sewage sludge drying and pelletization. The Danish sewage sludge legislation requires 
that four main organic contaminants be looked out for, along with the level of heavy 
metals, before sludge can be used on farmlands. However, the agricultural use of 
sewage sludge from Bjergmarken is unstable due to the unpredictability of spike in the 
level of contaminants (e.g. Cadmium). Moreover, the use of sewage sludge on 
agriculture fields has come under scrutiny due to the fear of potential contaminants and 
cocktail effects of mixed chemicals from society.  
 
Nevertheless, both studied WWTP can be optimized from a P recovery point of view by 
including struvite reactors, and gasifiers. Controlled struvite precipitation is actively 
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carried out in some other WWTP (Aarhusvand) on a large scale. Interview with the 
informant at Aarhusvand indicates that the basic prerequisite for installing a struvite 
reactor is an anaerobic digester. Both Avedøre and Bjergmarken WWTP have 
anaerobic digesters, and thus can accommodate a struvite reactor.  The second option 
of including the thermal gasifier process is also feasible at both plants because Avedøre 
already has an incinerator that can be upgraded to become a gasifier, and Bjergmarken 
has a sludge dryer (over) that can be integrated with a gasifier. Bjergmarken WWTP 
has already invested in modifying their product, according to end-users interest, by 
drying and pelletizing sewage sludge. However, an optimization point of view could 
include using the gasification process to enhance the sludge (before pelletizing), by 
getting rid of the volatile content in it. The decentralized option of urine diversion 
appears to apply to future would-be developed urban areas. The Danish system has an 
abundance of P flowing in the waste stream, and an economically viable concept can 
include isolating the P, via controlled struvite formation, bagging, and selling it. 
Recovered nutrients can be sold to local farmers or shipped out to areas characterized 
by P-deficient soils like the SSA city case. 
 
Furthermore, the discussion of potential knowledge transfer from the Danish case study 
to a Nigerian case study reveals some opportunities and barriers. The struvite reactor, 
gasifier, and anaerobic digestion technologies can be transferred to the Wupa WWTP 
(Nigerian case study). Using the 'process model' theory of knowledge transfer, it is 
visible that some of the criteria for successful knowledge transfer are present in the 
knowledge source (Danish context) and the knowledge-receiving context (Wupa 
WWTP). Some barriers to the successful transfer of knowledge, in this case, includes 
the energy shortage situation in Nigeria, the availability of technical know-how to 
operate and run the transferred technologies, infrastructural development level, and the 
low phosphate level in the Wupa wastewater influent. It may be easier to install fancy 
equipment with the aim of improving process efficiency. However, it is necessary to 
consider the social, institutional and technological know-how barriers that exist in the 
local condition, which may hinder the long-term sustainability of such equipment. This 
 88 
analytical capacity for knowledge transfer can further be discussed in future studies that 
may be more detailed with empirical data.  
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48. Vinnerås B, Nordin A, Niwagaba C, Nyberg K. Inactivation of bacteria and viruses in 
human urine depending on temperature and dilution rate. Water Res 2008;42:4067–74. 
 
49. Sullivan, L. P., & Grantham, J. J. (1982). Physiology of the Kidney. Lea & Febiger. 
Chicago  
 
50. Jönsson H, Baky A, Jeppsson U, Hellström D, Kärrman E. Composition of urine, 
faeces, greywater and bio-waste-for utilisation in the URWARE Model, Report 2005:6, 
Urban Water, Chalmers, Sweden. 2005. 
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Master Thesis - Phosphorus Recovery in Urban Areas. 
Field Study Report 
Roskilde WWTP, Boserupvej 25, 4000. 
 
 
Date: 17. Dec. 2015. 
By: Imonitie Eromosele. 
Introduction 
The field study conducted at the Roskilde Wastewater Treatment Plant (WWTP), 
operated by Roskilde Forsyning A/S, is part of a comparative review that focuses on the 
option for nutrient (phosphorus) recycling in two urban areas. Nutrient can be recovered 
from WWTP and used in agriculture, via various methods. 
11. Appendixes. 
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Methodology: 
The field study uses a semi-structured interview, and personal observation of plant 
facility, to arrive at findings. Appendix: Transcript of Interview. 
Results/Findings: 
Roskilde WWTP treats wastewater influent through a mechanical, biological and limited 
chemical process. The mechanical process uses machines to perform tasks, the 
biological process involves the use of microscopic organisms to breakdown and 
converts compounds, and the chemical process involves the use of iron-chloride to 
remove phosphates from the sewage. 
 At Roskilde WWTP, the raw sewage (influent) first passes through a bar screener and 
grit settling where physical solid items (such as paper, cotton balls, diapers, sticks, 
hairballs etcetera) are filtered out. 
 
 
 
 
 
 
 
 
 
 
Image 1: sewage screening device (closed), sewage screening device (opened), 
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The influent is then pumped into a chamber where it is screened for oil, grease, and 
other solid matters that float to the surface. Within this chamber also, the sand (the sand 
comes from rainwater and snowmelt runoff water that washes the road into the sewers) 
that sinks to the bottom is extracted out and discarded. It is used for land disposal, or 
construction activities. 
 
Image 2: Greasy and Oil particles floating at the top can be seen towards the end 
of the lanes. 
 During the next phase, the influent is pumped into the anaerobic tank where 
phosphates (PO4) are stripped from the sewage using phosphorus-accumulating 
organisms (PAOs) from the returned activated sludge.  Within the anaerobic tank, the 
organic content of the sewage is broken down using bacterial hydrolysis. The organic 
contents (carbohydrates) are broken down into soluble particles that become available 
for other bacteria. Still within this chamber, the acidogenic bacteria further convert 
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amino acids and sugars into ammonia, carbon dioxide, and organic acids. Using the 
ammonia, the bacteria convert the organic acids into acetic acid. 
 
Image 3: Anaerobic Tank where bacterial processes occur. 
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Further, the wastewater is 
transferred into the 
denitrification chamber. The 
denitrification phase of sewage 
treatment also uses a microbial 
process to converts the nitrates 
(NO₃) into molecular nitrogen 
(N2). 
Image 4: Denitrification 
chamber. 
 
Furthermore, the next phase of 
treatment is the nitrification 
process, which involves an aeration tank where oxygen is introduced into the chamber. 
Within this tank, bacteria are able to accumulate phosphates from the wastewater while 
ammonium (NH4) is converted to nitrates (NO3). Consequently the sewage is then 
pumped into the clarifier tank where ferric chloride [Iron (III) - FeCl3] is added to the 
wastewater. The function of the iron chloride chemical is to clear the water and separate 
the sludge from it. See Image 5.The separated part of the wastewater (slurry) at this 
point contains 2% dissolved solids (DS), and is pumped into a solid bowl centrifuge 
(Sludge Thickening Centrifuge) where it is thickened to become 6% DS, image 6 
depicts the thickening centrifuge.   
 The thickened slurry is then pumped into an anaerobic digester where various 
biological processes, using microorganisms and high temperature, is used to 
breakdown the biodegradable material in the absence of oxygen. This process results in 
biogas production that is used for district heating, and used for electricity production that 
runs the oven that used to dry and bake the sludge.  Image 7 is an image of the external 
view of the anaerobic digesters at Roskilde WWTP. 
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Image 5: The clarification result is visible in one of the settling tanks.  
 
 
 
 
 
 
 
 
 
 
 
Image 6: Sludge thickening Centrifuge. 
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Image 7: Anaerobic Digester at Roskilde WWTP.  
After the digestion process, the slurry becomes 45% DS and is yet again transferred 
into another centrifuge system (image 8) that dewaters the sludge. The dewatered 
sludge is then transferred to the oven (image 9) where the water content is dried out as 
moisture to result in 95% DS dried sludge (Image 10).  
Finally, the sludge is pelletized (Image 11) and packed into bags (Image12) that are 
then distributed to farmers through private companies. Without further processing, 
pelletized sludge can be applied directly to agricultural land. 
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Image 8: Sludge dewatering centrifuge. 
 
 
 
 
 
 
 
 
 
 
 
 
Image 9. Sludge Drying Oven. Results in 95% DS biomass. 
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Image 10: Dried sewage sludge. 95% DS Image 11: pelletized sewage sludge. 
Image 12: bagged pelletized sewage sludge. 
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Interview 
Interviewee: 
Thomas Hvass Eriksson 
Driftsleder (Operations Manager), 
Roskilde Forsyning A/S. 
1. What is your qualification, and position at the Roskilde Forsyning A/S WWTP? 
A: My education is as civil engineer and mandatory certified Wastewater Plant 
Operations Manager. 
2. Are there some new chemicals found in the influent? If yes, what are some of 
them, and how does the plant adapt to this? 
A: We don’t measure for other chemicals than those we must analyze for according to 
Danish wastewater legislation. 
3. What are some of the immediate or plans for expansion and/or technological 
upgrade? 
A: We are looking into new technologies for energy production and exchanging our 
surface aeration to bottom aeration. 
4. Has there been any remarkable increase in the inflow wastewater influent, and 
how does the system adapt to this situation? 
A: No. The annual average inflow hasn’t change much during the last 10 years. But 
peak flow during precipitation is more frequent. 
5. What are the options for nutrients recycling in the Roskilde Forsyning A/S 
WWTP? 
I regard them as quite good. It would be possible to extract phosphorus from the sludge 
as struvite. 
6. Do you have any Information on controlled struvite precipitation? 
A: No, not different from information from consulting companies and research centers. 
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7. How is the ownership of the Wastewater treatment plant structured? 
A: The treatment plants are owned by Roskilde Spildevand (Wastewater) A/S, which is 
currently owned by Roskilde Forsyning (Utility) A/S that again are owned by the 
municipality of Roskilde. Next year the ownership is transferred to the utility company 
FORS, which is the utility company for the municipalities of Roskilde, Holbæk and Lejre. 
8. With is the view of Roskilde Forsyning A/S on the changing idea in wastewater 
treatment approach. The transition from removing nutrients to recycling 
nutrients? 
A: We welcome it and regard it as necessary. 
 9. What is the source of the energy that powers the plant? 
A: 75% of the Electrical energy is supplied by the energy producer DONG. The rest is 
produced by solar panels. Heat energy is produced by biogas from our digesters and 
from liquid propane gas. 
10. What are some of the local, regional, and national regulations requirements 
that need to be implemented at this WWTP? Are there some changes in the 
regulation? 
A: Our discharge permit states the outlet concentrations for COD = 75 mg/l, SS = 30 
mg/l, TN = 6 mg/l and TP = 1,2 mg/l. Produced sludge must meet the requirements 
stated in the national regulation concerning sludge as soil improvement. Yet there have 
been no changes in the requirements but I expect that within a few years the regulations 
on outlet concentrations will lowered. 
11. What are some of the other functions of the Roskilde Forsyning A/S WWTP? 
A: We treat wastewater for COD, BOD, nitrogen and Phosphorous, primarily biological 
and supplement with chemical treatment. 
Excess sludge is digested, dried and pelletized and discharged as fertilizer. Biogas from 
digestion is used for drying, and supplies approximately 50% of the energy needs. 
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Master Thesis - Phosphorus Recovery in Urban Areas. 
Field Study Report 
BIOFOS WWTP, Kanalholmen 28, 2650 Hvidovre. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Date: 10. Nov. 2015. 
 
By: Imonitie Eromosele. 
 
Introduction 
The fieldwork conducted at the Avedøre Wastewater Treatment Plant in Copenhagen, 
operated by BIOFOS A/S, is part of a comparative study that focuses on the option for 
nutrient (phosphorus) recycling in two urban areas, in this case Copenhagen. Nutrient 
can be recycled through sewage treatment works, and used in agriculture, via various 
methods. 
 110 
Methodology: 
The field study uses a semi-structured interview, and personal observation of plant 
facility, to arrive at findings. Appendix: Transcript of Interview. 
Results/Findings: 
Avedøre WWTP treats wastewater influent through mechanical, biological and chemical 
processes. The mechanical process includes the preliminary, and primary treatment 
phases of the sewage treatment operation. During the preliminary phase, raw sewage 
(influent) is screened for solid items (Diapers, sticks, false-tooth, cell phones, hairballs 
etcetera).  
In the primary treatment phase, the wastewater first passes through a grit tank (Image 1 
and 2) where it is screened for oil, grease, and other solid matters that float to the 
surface. Sand, and other heavy particles sink to the bottom, and are removed and 
disposed.  
 
 
 
 
 
 
 
 
 
Image 1. Oil and grease removing part of the grit chamber. 
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Image 2: Grit Chamber. 
After screening, the sewage is further pumped into five anaerobic basins (Image 3) for 
sedimentation. During sedimentation, organic matters float to the surface, and heavy 
solids settle to the bottom. Both the settled and suspended materials are then sent to 
the digester. Next, the wastewater flows into the Biological Nutrient Removal (BNR) 
section of the anaerobic tank where bacterial processes are used to accumulate 
nitrates. Furthermore, the wastewater is pumped into an anoxic denitrification chamber 
(Image 4) for removal of nitrogen and the accumulated nitrates from the previous phase. 
Next, the wastewater flows into the aerobic chamber where oxygen is introduced to 
reduce the ammonia content, and consequent elimination of organic pollutants. The 
sludge in the chamber is then re-circulated (Return Activated Sludge) upstream to the 
biological nutrient removal unit to maintain a consistent concentration of the purified 
biomass. 
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Image 4: Part section of the denitrification tank at Avedøre WWTP. 
Image 3: one of the five primary sedimentation tanks. 
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Next, the wastewater flows through a clarification tank where chemicals (Iron and 
aluminum) are introduced into the sewage stream for clarification while removing 
phosphates and other organic content. This results in clear water (although laced with 
some bacteria used in the previous processes) that is pumped into another basin for 
further sedimentation. Finally the clear effluent is pumped out 1.2km into the Køge Bugt 
bay. 
The excess activated sludge is sent to the anaerobic digester (Image 5) where it used to 
produce methane gas. The digested sludge (Image 6) is then dewatered through a 
dewatering centrifuge to produce wet sludge (Image 7). 
The final process of sludge handling is incineration (Image 8). The resulting ash (Image 
9) is deposited on site within the facility.  
 
Image 5: Side view of the anaerobic digesters at BIOFOS Avedøre. 
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Image 7: Wet sludge deposit to be incinerated. 
Image 6: Dewatered Sludge 
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Image 8: Sludge incineration opening 
Image 9: Incinerated Sludge Ash. The 
orange colour is due to the iron chloride 
present in the ash. 
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Source: Google Maps (2015) 
Aerial View of BIOFOS Avedøre WWTP 
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Transcript of Interview 
Interviewees: 
Kristian M. Pedersen, Information/Communications Officer, 
BIOFOS A/S Avedøre WWTP. 
& 
Artur Tomasz Mielczarek Project Manager,  
BIOFOS A/S Avedøre WWTP.  
Questions: 
1. What is your qualification, and position at the BIOFOS A/S Avedøre WWTP? 
 
Answer: I have a Ph.D. in environmental biotechnology (from Aalborg University), and 
work under the Forretningsudvikling, it roughly translates to business development in 
English. Although it is not a typical business development because our primary 
objectives are not about economics and making profits. Rather, we overview the 
technological implementations (due to the constant increase in Danish environmental 
ministry requirements and directives) required to meet the standard to a various set of 
parameters.  
2. Are there some new chemicals found in the sewage? If yes, what are some of 
hem, and how does the plant adapt to this? 
 
Answer: As a utility company, we do not have the facility to discover new chemicals in 
the sewage. Although samples of the Influent and Effluent are taken for COD (Chemical 
Oxygen Demand) measurements of organic matter in the water; the samples also check 
for nutrient level including phosphorus, nitrogen, and suspended solids. Our plant only 
treats the water and does not run a research and development section to analyze 
particles and chemicals in wastewater. Nevertheless, we are required by law to check 
for certain parameters to meet the effluent standards set by the government.  
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3. What are some of the immediate or plans for expansion and/or technological 
upgrade? 
Answer: Currently under development, we are looking at methods that will be able to 
identify xenobiotic (pharmaceutical compounds) in the wastewater and consequently 
remove them. It is triggered by the topic-based discussion of the long-term effects of 
xenobiotic and micro-plastic (found in sewage), and the need to remove them during the 
wastewater treatment process. Future technological upgrade plans include inculcating 
membrane reactors into the facility; membrane reactors are currently under 
development by researchers in Singapore. Membrane reactors occupy less space in 
treatment plants, and in smaller volumes more chemicals can be treated.  
 
4. Has there been any remarkable increase in the wastewater influent, and how 
does the system adapt to this situation? 
Answer: It varies, but there hasn’t been any sudden significant increase in wastewater 
influent. The reason is that the basin area significantly wide and the wastewater come in 
at different times. The full flush from the area can take between 10 and 15 hours (for all 
the wastewater from the entire ten municipalities) to flow through. However, we have 
something called a morning flush, where there is a significant but steady increase in 
wastewater influent when people wake up in the morning, take a shower, and use the 
toilet. Although when there is an increased rainfall or snow melting, there might be a 
slight increase, however, it is never too much.  
 
5. What are the options for nutrients recovery in the BIOFOS A/S Avedøre WWTP? 
Answer: At the moment we incinerate the sludge and deposit the ash. The ash is rich in 
phosphorus, and nitrogen (although the Nitrogen goes into the atmosphere) but we do 
not do much about it. However in the future (before 2025) we aim to recycle and recover 
all the nutrients from the waste coming through the facility. We are in the process of 
evaluating the treatment and recovery methods that are most effective, and most 
economically viable for BIOFOS.  
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6. Do you have any Information on struvite precipitation? 
Answer: At the moment we do not precipitate struvite at the Avedøre WWTP but we are 
considering it as one of the options for phosphorus recovery here at the plant. As a 
public company, we are not exactly profit-oriented, and we are not required to make 
investments like private businesses do; therefore we have to, first, figure out the right 
numbers for the return on investment (ROI) and find the right balance between the 
technology and economic viability of the option. Furthermore, the risk factor has to be 
significantly lower as there are no rooms for trials and error. There are some other 
places in Denmark where it is being done already, like in Aarhus.  
7. How is the ownership of the Wastewater treatment plant structured? 
Answer: all the inhabitants of the ten municipalities own it.   
8. With is the view of BIOFOS on the changing paradigm in wastewater treatment 
approach. From cleaning to recycling? 
Answer: Although in Denmark, 50% of the sludge generated from wastewater treatment 
plants is being used on agricultural fields, there is an ongoing debate about the 
unknown adverse effects that could arise from the application of sewage sludge. 
Besides the nutrients presents in it, people fear that there might be other unknown 
bacteria, chemicals and other elements, and heavy metals that could be harmful. At the 
moment, it is illegal for organic/ecological farmers to apply waste sludge on their 
agricultural fields.   
Furthermore, the main goals and objectives of BIOFOS are to remove all elements in 
wastewater that are harmful to the environment and humans working around the facility. 
Another objective is to ensure sustainability in the treatment process; for example, the 
gas product of the digestion process is used to generate energy. In the future, we plan 
to ensure nutrient sustainability by recovering phosphorus. Another goal is to make sure 
that we collaborate with students and research centers, get access to the latest 
information and use the newest and best available technology in wastewater treatment.  
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9. What is the source of the energy that powers the plant? 
Answer: Some of the energy comes from the main power line, and the other comes 
from the heat that is produced in the factory.  
10. What are some of the local, regional, and national regulations requirements 
that need to be implemented at this WWTP? Are there some changes in the 
regulation? 
Answer: We are required to adhere to both EU and local requirements. In some cases 
the local rules are more stringent than the EU rules, for example, the limit for the 
phosphorus and nitrogen content in wastewater effluent is lower in Denmark than it is in 
Sweden, this means Denmark has a higher standard than Sweden. Also in Denmark, 
the regulation strategy on limiting pollutant discharges is based on BAT (Best Available 
Technology). Furthermore, frequency in regulation changes occurs yearly or within two 
years.  
11. What are the functions of the WWTP besides (i.) Disseminating information 
and running a public awareness center, (ii.) Operating a database comprising of 
sewer network data for the entire catchment area and recording sewer flow, and 
(iii.) Coordination, and procurement activities, what else do you do here at the 
BIOFOS A/S Avedøre WWTP? 
Answer: We have other departments that are responsible for other activities. We have 
the project development department. The treatment plant operation department, as well 
as service production department. There is also the HR and communications 
department. The environmental planning department, and the folks responsible for 
planning the implementation of the new directives. The communications department 
does an especially important job because they disseminate information to people, 
especially the young ones who get to learn about what happens to the waste we 
produce. It is crucial for people to be informed about where their waste goes because 
that way they can be more conscious and behave properly (by not putting unnecessary 
items into the toilet like coffee beans, condoms and other things that can interfere with 
the cleaning process) in the toilet.  Consequently, this will make the work at the 
wastewater treatment plant easier. Other treatment facilities also come to BIOFOS A/S 
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for information and advice on how to take people on a tour of their factory, and provide 
information services on how they operate.  
12. Since the majority of the nutrients are concentrated in our urine, and BIOFOS 
A/S has plans for nutrient recovery, why is the idea of UDTs - Urine Diversion 
Toilets not already widely spread and adopted? Are there some barriers and 
challenges? 
Answer: There was a previous discussion about the urine segregation option, but the 
major obstacle was the end user. People are not ready to use urine diversion toilets. 
The option in the past looked at how UDTs can be adopted in a fashion where the urine 
collection container is emptied in the night (because there aren’t many people flushing 
the toilet at night) and collected into the system. Unfortunately, the plan did not work out 
because the users did not buy the idea, even though some people think it is a brilliant 
idea. On a personal point of view, the interviewee finds that people are not ready to 
make new infrastructural investments. 
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Master Thesis - Phosphorus Recovery in Urban Areas. 
Field Study Report 
Munksøgård, Munksøgård 1-100, Himmelev, DK 4000 
Roskilde.
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Date: 6. Jan. 2016. 
By: Imonitie Eromosele. 
 
 
 
The field trip to the Munksøgård ecological community is part of the study on 
phosphorus recovery in urban areas. Phosphorus can be recycled directly from human 
urine if it is diverted at source. Munksøgård is an ecological community in Trekroner, 
Roskilde, and comprises of 100 homes housing both youths and seniors. 
 The residents of the community use urine diversion toilets along with other sustainable 
living ideas like composting, and decentralize district heating.  
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Image 1: UDT at Munksøgård. 
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Image 2: Witty Information on how to properly use the UDT. 
Munksøgård collects urine separately in an underground storage tank, which is 
eventually spread on nearby agricultural fields.  
The faeces are stored in a septic tank and treated onsite with a sand filter percolation 
system. A sand filter sewage treatment system comprises of several slabs of graded 
sand. Wastewater flows evenly over the surface of the filters and then percolates 
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through the sand, where it undergoes a biofilm treatment within the system. Effluent 
from the sand filter system can be clarified to the required standard 
Informant at Munksøgård: Asger Kjær Andersen. 
 
 
Image 3: One of the urine collection tanks is situated under this courtyard. 
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Image 4: Composting Box. 
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Image 5: Sand Filter System, underground. 
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Image 6: Heating Furnace for district heating. 
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Image 7: Cross section of pipes inside the heat-generation room. 
 
